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CHAPTER I. INTRODUCTION 
The physiological integration of permanent implants into weight-bearing positions 
has proven to be a challenging problem for biomedical engineers. The American 
Academy of Orthopaedic Surgeons reported that in 1990 there were approximately 
119,000 total hip replacements, 91,000 partial hip replacements, and 24,000 revisions of 
total hip replacements performed. They also reported that during 1990 there were 
129,000 total knee replacements and 12,000 revisions of total knee replacements 
performed in the United States. In addition, some current total hip replacement studies 
are reporting a revision rate of 7 to 33% within ten years of implantation (Brady and 
McCutchen, 1986, Dorr et al., 1990, and Stock and Geissler, 1990). These and other 
total hip replacement studies are finding that the main reason for failure is attributed to 
the loosening or fracture of the implant. Loosening of joint replacement components is 
a critical problem caused by: (1) adverse tissue reactions to the implant material; (2) 
prosthesis design; (3) mechanical loading factors; and (4) the surgical technique 
(Williams, 1982). 
There are many different materials that are used for replacing bone. For 
orthopaedic applications, autologous or allogenic bone is typically used for filling small 
bone defects. However, with larger defects and joint replacements, materials such as 
metals, ceramics, polymers and composite materials are used. Many of these materials 
have been walled off by a foreign body response or have lacked the necessary properties 
for replacing bone in highly loaded situations, so the need for a better material still 
exists. In comparison to other biomaterials, certain ceramics such as hydroxyapatite and 
tricalcium phosphate have shown superior traits because of their excellent compatibility 
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and bonding with the host bone. However, these ceramics lack mechanical properties · 
for load bearing applications. 
A unique ceramic material, an osteoceramic, was used in this research as a bone 
bridging material. It is composed of alpha-~(P04)2 tricalcium phosphate and of 
MgA1204 spinel. This combination creates a biologically active material that is much 
stronger than hydroxyapatite or tricalcium phosphate alone. In order to make a bone 
bridging implant from the osteoceramic material, previous research was reviewed. 
Some studies used implants made from porous ceramics to increase attachment to bone. 
However, the presence of the pores sometimes caused implant failure due to a 
weakening of the implant. Other studies used plain, cylindrical designs which offered 
bone little chance for permanent attachment. Therefore, for this research, a new bone 
bridging design was created so that the implant would be dense, strong and have a 
geometry to give bone the chance for direct skeletal attachment. 
The objective of this research was to design, implant, and evaluate a bone bridge in 
the femur of canines. The purpose of this investigation was to: (1) determine if the 
osteoceramic could handle the mechanical loading of the femur; (2) determine if the 
osteoceramic is biocompatible and allows direct bonding with bone under weight 
bearing conditions; and (3) determine if the implant design allows bone to permanently 
secure the implant and to retain its normal function. 
The new implant was designed for the permanent replacement of bone. The implant 
geometry provides a chance for strong bonding with bone. This action is made possible 
because bone has the chance to grow into, through, and around the implant (Figure 1). 
The fixational interlocking with bone holds the implant in torsion and also provides 
strength in bending, compression, and tension. Slight variations in the wall thickness 
(from 2.8 mm to 5.7 mm), width of the dovetail slots (from 2.1mmto2.9 mm), and 
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tenon size of the implant (Figure 1) were created to obtain the best design for bone 
ingrowth and transferring of the loads that are expected to be imposed. In addition, 
research has shown that there is chemical bonding between tricalcium phosphate and 
bone (Hench and Ethridge, 1982). This natural bonding between the bone and the 
ceramic provides added fixation and increases the chances for a stable implant. 
Wall Thickness 
Dovetail Slot 
Tenon 
Figure 1. Ceramic bone bridge device 
Seven bone bridge implants were created from fifty vol% alpha-calcium phosphate 
tribasic and 50 vol% magnesium aluminate spinel. These components were pressed into 
a cylindrical shape which was about one inch long and three fourths of an inch in 
diameter. The cylinder was drilled to produce a tube, and then grooves were made 
using jewelry tools. The implant was then fired for one half hour at 14500C. Seven 
implants were produced. Each implant was used to replace a one inch middiaphyseal 
section of the femur in a mongrel dog. The implant was stabilized in the femur by using 
a bone plate, screws, and Kirschner wire. Each implant remained in a canine for a 
period of three weeks to two year~. The implants were examined radiographically to 
check for bone ingrowth, radiolucency, and ceramic fracture. Bone labeling agents were 
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administered to visualize bone deposition after implant removal. In a continued study, 
one dog had the plate removed after one year and has had the non-plated implant in 
place for an additional 15 months without complications. 
5 
CHAPTER II. LITERATURE REVIEW 
The literature review consists of five major sections: skeletal system, repair and 
healing of bone fractures, orthopaedic implants and designs, overview of materials and 
designs used to replace bone in load-bearing positions, and ceramic materials used for 
replacing bone. 
The first section, skeletal system, describes the macrostructure and the 
microstructure of bone. The second section, repair and healing of bone fractures, 
provides the reader with background on the major stages of bone repair. The third 
section, orthopaedic implants and designs, describes different orthopaedic implants and 
interfacial considerations needed for highly loaded applications. This section includes 
compression plating of bone fractures. The fourth section, overview of materials and 
designs used to replace bone in load-bearing positions, gives an overview of autographs, 
allographs, biodegradable polymers, and ceramics used to replace sections of bone. In 
the fifth section, ceramic materials used for replacing bone, research performed with 
alumina, hydroxyapatite, tricalcium phosphate, and a tricalcium phosphate/spinel 
composite are described. This section also discusses previously studied designs of bone 
bridge implants. 
A. Skeletal System 
1. Introduction 
The skeletal system includes all of the bones of the body along with the connective 
tissues that support or join these bones. The five main functions of the skeletal system 
are (Martini, 1989): 
1. Support: The entire body is provided support with the help of the skeletal system. 
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2. Protection: Most of the delicate tissues and organs of the body are protected by 
the skeletal system. 
3. Blood cell production: The bone marrow of bones produces red blood cells and 
other blood elements. 
4. Storage: The calcium salts of bone are a valuable mineral reserve for the 
maintenance of calcium and phosphate ions in body fluids. 
5. Leverage: The bones act as levers when they direct and modify the forces 
produced by skeletal muscles. 
2. Components Qf ~ 
Bone is similar to other connective tissues in that it contains specialized cells, cell 
products, and a fluid matrix. Approximately 22 weight % of the matrix of bone is 
collagen fibers, 70 weight % of bone matrix is inorganic portions, and eight weight % is 
water. The inorganic matrix has a density·of 3.156 g/cm.3 and the organic matrix is 
approximately 1 g/cm.3, so the volume fractions for the organic and inorganic matrixes 
are almost equal (Bauer, 1990). The inorganic matrix of bone is embedded in the 
frame of the collagen. This matrix is approximately 58% calcium phosphate in the form 
of crystalline hydroxyapatite, 7% calcium carbonate, 1 to 2% calcium fluoride and 
magnesium phosphate, and less than 1 % sodium chloride. These inorganic substances 
give bone its hardness and rigidity (Mears, 1979). 
The calcium phosphate crystals provide the strength of bone but are inflexible. The 
crystals can withstand compression but may shatter when exposed to bending, twisting 
or sudden impacts (M~ 1989). The formula for these major crystalline salts, known 
as hydroxyapatite, is Ca10(P04) 6 (OH)2• These crystals are approximately 400 angstroms 
long, 10 to 30 angstroms thick, 100 angstroms wide, and give the crystal a long, flat 
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shape. The ratio of calcium to phosphate on a weight basis in bone varies from 1.3 to 
2.0. The collagen fibers, on the other hand, are tough and quite flexible. The fibers can 
withstand stretching, twisting, and bending but when placed under compression they 
bend. Collagen fibers in osseous tissue provide an organic framework for the formation 
of mineral crystals. Together, these components provide properties from both collagen 
and mineral crystals (Martini, 1989). It should be noted that the normal ions of the 
chemical formula for hydroxyapatite can be replaced by other ions. For example, the 
Ca+2 ions could be replaced by Na•, K+, Mg•2, or H30+. The P04-3 ions could be 
replaced partially by S04-2 and C03-2. In addition, the hydroxyl group could be replaced 
by F-. There also is a mineral phase in bony tissue that is called octacakium-phosphate 
(CagH4)(P04) 6(0H)2nH20 with a Ca/P ratio of 1.33 (Bauer, 1990). 
3. Macrostructure Qf ~ 
a. Confi~rations Qf ~ The two different configurations of bone are 
cancellous and compact. Cancellous bone, also known as trabeculae or spongy bone, 
has a network of bony shafts with many marrow spaces (Martini, 1989). The amount of 
marrow spaces ranges from approximately 30 to 95%. In contrast, compact bone is a 
relatively solid structure without marrow spaces. The diaphysis of long bones has a very 
large composition of compact bone encircling a small composition of cancellous bone. 
The epipbyses of long bones are mainly composed of cancellous bone with a thin 
covering of compact bone (Junqueira, 1983). 
b. Types Qf ~ The two types of osseous tissue found in bone are woven 
and lamellar. Woven, also called immature bone, is very cellular with an irregular 
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arrangement of collagen fibers. It is a temporary bone with a smaller mineral content 
and higher osteocyte content than lamellar bone (Junqueira, 1983). 
Lamellar, also called mature bone, normally replaces woven bone. The majority of 
the adult skeleton is composed of this type of bone. In the diaphysis of bone, typical 
lamellar bone consists of four systems: Haversian or osteon, inner circumferential, 
outer circumferential, and intermediate (Figure 2). The organization of the Haversian 
system is concentric lamellas of bone encircling a canal with blood vessels, nerves, and 
loose connective tissue. Within the larnellas of bone are lacunas containing osteocytes. 
Collagen fibers are aligned parallel to each other in the larnellas. As shown in Figure 2, 
the inner circumferential system is located around the endosteum and the outer 
circumferential system is located inside the periosteum. The inner and outer 
circumferential systems have a circular distribution of lamellas. The interstitial systems 
fill the spaces between the Haversian systems. They have triangular or irregular shapes 
consisting of parallel lamella (Junqueira, 1983). 
Communication between the Haversian canals, marrow cavity, and periosteum is 
accomplished through the Volkmann's canals. Smaller canals called canaliculi connect 
lacunae with nearby blood vessels. Canaliculi contain the cytoplasmic extensions of the 
osteocyte (Martini, 1989). 
c. Periosteum The entire external layer of long bones, except where articular 
cartilage is present, is called the periosteum. This layer, seen in Figure 2, is composed 
of an inner cellular layer (cambium), which provides appositional growth and an outside 
fibrous layer, which is mainly for support. Over most of the surface of mature long 
bones, the periosteum is barely attached to the surrounding muscles (Sumner-Smith, 
1982). The periosteum isolates the bone from surrounding tissues, provides a path for 
Figure 2. 
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Wall section of a long bone diaphysis showing the micro characteristics 
(Junqueira, 1983) 
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the nerve supply, lymphatics, nutrient blood for bone cells, and participates in bone 
growth and repair. The fracturing of bone stimulates the inner layer to form osteoblasts 
and to generate new bone. The fibers of the periosteum join with those of the tendons, 
thus attaching skeletal muscles to the bones that they move (Martini, 1989). 
d. Endosteum Inside the periosteum and compact bone layers, a cellular 
endosteum covers the marrow cavity. The endosteum has the same components and 
similar structure as the periosteum, except it is a thinner structure that does not exhibit 
two separate layers. This layer, shown in Figure 2, lines the trabeculae of spongy bone 
and the inner surfaces of the central canals. The endosteum is extremely active during 
repair or remodeling and when bone is growing. The endosteal lining is not a complete 
epithelium, and the matrix is sometimes exposed. At these exposed areas, there are 
osteoclast cells that contain acids that dissolve the bony matrix and then release the 
stored minerals. This is known as the osteolysis process, which is very important for 
regulation of calcium and phosphate levels in body fluids (Martini, 1989). Therefore, 
the periosteum and endosteum are made of connective tissue and are packed with 
specialized cells, which make these regions more important for their biological 
functions than for their mechanical functions (Ducheyne and Hastings, 1984b). 
e. Marrow The marrow tissue of bone is located within the medullary cavity 
in all bones. This tissue is a form of connective tissue that is highly cellular and 
vascularized. In developing and growing bones, all of the marrow is red bone marrow. 
In adult bones, red bone marrow is replaced by yellow bone marrow except in the 
stemebrae, ribs, vertebrae, and cranial bones (Banks, 1986). 
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The red bone marrow is a hemopoietic tissue also known as myeloid tissue. The 
myeloid tissue produces erythrocytes, granulocytes, platelets, and agranulcytes. The red 
bone marrow consists of two main compartments: vascular and hematopoietic. The 
vascular compartment contains the vessels of the bone marrow. The hematopoietic 
compartment includes: fibroblasts, reticular fiber stroma, the elusive reticular cells, 
erthyrocytic line of cells, phagocytic cells, many blood cell forms, adipose tissue, and 
other connective tissue cells like plasma cells and mast cells. The main function of the 
red bone marrow is blood cell production (Ban1cs, 1986). 
The red bone marrow is largely reduced after adulthood and replaced with yellow 
bone marrow. The yellow bone marrow consists mainly of adipose tissue. The adipose 
tissue replaces the blood cell-producing sections of the hematopoietic compartment. 
When bone is under stress or disease conditions, the yellow bone marrow can change 
into active hematopoietic tissue again (Banlcs, 1986). 
4. The femur 
The femur is the longest and strongest bone of the body. The distal end of this 
bone is connected at the knee joint with the tibia of the lower leg. Proximally, the 
head of the femur articulates with the pelvis at the acetabulum. The head of the 
femur has a depression medially called the fovea capitis femoris. This depression 
is where the ligamentum capitis femoris attaches from the acetabulum. Below the 
head of the femur lies the neck (Figure 3). The neck connects the head of the 
femur with the shaft in the area of the greater and lesser trochanter. The neck forms 
an angle with the shaft which ranges from 1150 to 1400 in humans. The greater 
trocbanter is a large, square projection on the top end of the shaft of the femur. The 
lesser trochanter is a small cone-shaped projection that is between the neck and 
Figure 3. 
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shaft of the femur along the inferior border (Woodburne, 1973). These trochanters are 
the areas of attachment for muscles and tendons. The gluteus medius and gluteus 
minim.us muscles connect the femur's greater trochanter to the lateral surface of the 
pelvic bone's ilium. The gluteus maximus is the largest of the gluteal muscles and it is 
also the farthest posterior on the ilium. This muscle extends and laterally rotates the 
thigh (Martini, 1989). The main lateral rotators of the thighs are the obturator and the 
piriformis. The internal and external obturator muscles connect the obturator foramen 
of the pelvis with the trochanteric fossa of the femur. The piriformis muscle connects 
the anterolateral surface of the pelvic bone's sacrum with the greater trochanter of the 
femur. These muscles laterally rotate the thigh. The adductor group of muscles attach 
to the low ridges of the posterior surface of the femur and also produce lateral rotation 
wpen contracted (Martini, 1989). 
The shaft of the femur has a tubular shape which broadens slightly at its ends. The 
surface of the shaft is quite smooth except for a thickened ridge called the linea aspera. 
The linea aspera runs longitudinally on the posterior side of the femur, and this is 
where the adductor muscles attach. In the middle of the linea aspera there is a nutrient 
foramen where the nutrient artery enters the medullary cavity and supplies the shaft 
region (Woodbume, 1973). 
Distally, the shaft of the femur broadens about three times its mid-shaft size to 
articulate with the tibia at the knee. Anterior to the knee joint is a small bone called 
the patella or kneecap. The femoral contact surfaces for the patella are the lateral and 
medial condyles which curve downward from side to side. The epicondyles of the femur 
are located above and within the curvature of the condyles. The medial epicondyle 
gives attachment to the tibial collateral ligament. The lateral epicondyle provides 
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attachment for the fibular collateral ligament, lateral head of the gastrocnemius, and 
the plantaris muscle (Woodbume, 1973). 
The specialized areas at the ends of the femur are called the epiphyses. The 
area in the center section of the femur is called the diapbysis or shaft. This is a 
tubular structure with thick walls, composed of dense, compact bone surrounding a 
center marrow cavity with lower densification bone. Between the epiphysis and the 
diaphysis there is an area called the metaphysis or growth zone. The metaphysis and 
epiphysis are composed of spongy (lower densification) bone that is covered with a thin 
layer of compact bone. The epiphysis is capped with articular cartilage(Sumner-Smith, 
1982). 
5. Microstructure Qf ~ 
a. Introduction The microstructure of bone has many constituents. Bone, 
like other connective tissue, consists of cells, fibers, and ground substance. The 
connective tissue cells include fibroblasts, cartilage cells ( chondrocytes ), and bone cells. 
These members are not only related but they are to some degree also interconvertible. 
Connective cells are very important for the support and repair of most tissue and organs 
of the body and their changing character is an important feature of the response to 
damage (Alberts, 1987). There are four types of cells that play major· roles in bone 
physiology: mesenchymals, osteoblasts, osteocytes, and osteoclasts (Frost, 1966). 
b. M~senchymal ~ The mesenchymal cells, which are also called 
osteoprogenitor cells, are actually immature fibroblasts (Alberts, 1987). Physiologically, 
they do no metabolic work (e.g., secretion, excretion, absorption, conduction, or other 
cellular functions) for the rest of the body. This single nucleus cell makes new daughter 
15 
cells by a series of mitotic cell divisions. Some of the daughters are a reproduction of 
the parents, while there are others that do specialized metabolic jobs for the body (i.e., 
differentiated) (Frost, 1966). The mesenchymal cell can possibly transform into many 
types of daughter cells, and for that reaso~ it is known as a progenitor cell (Young, 
1964). 
c. Osteoblast ~ Osteoblasts come from two sources: undifferentiated 
primitive fibroblast-like mesenchymal cells, and differentiated chondrocytes. 
Mesenchymal cells are able to change into different types of cells (Simmons, 1991). 
Nijweide et al. (1986) and Owen (1980) agreed that bone- and cartilage-forming cells 
have a common progenitor, known as the osteoprogenitor. The cartilage long bones in 
chicks were found to change their perichondrium into periosteum. At this same stage, a 
nutrient vessel invades the area. This growing vessel relates with previous information 
that osteoblast differentiation and function demands higher oxygen tensions than 
chondroblast-cartilage formation (Marks and Popoff, 1988). 
There have been many researchers who have found evidence that chondrocytes can 
behave with osteoblast-like function (Simmons, 1991). One example of this, by Owen in 
1989, was the finding that marrow cells act with osteogenic and chondrogenic functions 
when placed in muscle or diffusion chambers. Kahn and Simmons (1977) used 
radiotbymidine labeling to show that mature chondrocytes in epiphyseal cartilage grafts 
can change into osteoblasts. Marks and Popoff (1988) stated that from the present 
evidence available, the osteogenic cell line can differentiate into both bone and 
cartilage. Therefore, the osteoblastic and chondroblastic lines are two branches from 
the osteogenic cell line. However, Caplan et al. (1983) and other researchers find it 
unclear whether direct interconvertibility between cells of these two lines occurs or not. 
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The active osteoblasf is usually columnar in shape and approximately 15-30 microns 
across. It has a single nucleus that stays near the end farthest from the bone surface. 
The cytoplasm of the osteoblast is very basophilic due to its large amount of ribonucleic 
acid (RNA) content. These cells are found as a continuous layer in regions of bone 
activity, either bone repair or growth. The osteoblast is a specialized cell whose 
function is laying down bone matrix, both collagen and ground substance. Also, it may 
be involved with depositing and exchanging calcium and phosphorus (Vaughan, 1975 ). 
Inactive osteoblasts, on the other hand, are very thin, flattened, squamous elements 
with their flat surface parallel to the bone surface. The nucleus is usually positioned in 
the center section of the cell and the cytoplasmic basophilia decreases (Bourne, 1956). 
These cells also leave many gaps and spaces between each other. These cells are often 
found on the surfaces of adult bone. The three main components in active and inactive 
cells are: the nucleus, the Golgi area, and rough endoplasmic reticulum (Holtrup, 
1991). 
i. Nucleus .Qf ~ osteoblast The nucleus is quite large, especially when 
compared to the nuclei of many other cell types. It is spherical or ovoid in shape and 
located eccentrically in the cytoplasm. It is usually surrounded by a rough endoplasmic 
reticulum. The number of nucleoli in one nucleus has been estimated to be in the 
range from one to three nucleoli in each nucleus (Holtrup, 1991). 
ii. Q.Ql&i ™ .Qf ~ osteoblast The large Golgi area lies adjacent to 
the nucleus. The most obvious component of the Golgi area is the interconnected 
stacks of flattened saccules with dilatations. A thin, irregular network of filament 
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elements with a diameter of .5-2 nm fills these dilatations (Holtrop, 1991). The Golgi 
area packages and modifies proteins for secretion (Bouvier, 1989). 
iii. Rou~h endoplasmic reticulum Qf ~ osteoblast The rough 
endoplasmic reticulum (rer) also occupies a large part of the cell. The shape of the rer 
is composed of parallel membrane sheets which resemble parallel lines when sectioned. 
They are usually arranged close together and in a well organized pattern. The 
membrane sheets have some gaps that are filled with cisternae (Holtrop, 1991) The rer 
gives the cytoplasm an affinity for acid dyes like hematoxylin. The main job of the rer is 
the production of proteins (Bouvier, 1989). 
iv. Processes Qf ~ osteoblast Osteoblasts have cytoplasmic processes 
which help them come in contact with close-by osteoblasts. These processes become 
more evident when the cell begins to encircle itself with matrix. After the osteoblast 
surrounds itself, it is converted to an osteocyte in a lacuna, and canaliculi appear to help 
the osteocyte communicate (Junqueira, 1983). 
v. Function Qf 1M osteoblast The main job of the osteoblast is active 
synthesis of the proteins and polysaccarides of the bone matrix, along with calcifying 
bone matrix. It does this by secreting collagen and some of the carbohydrate protein 
complexes which form the matrix around them.selves. Before this matrix calcifies, it is 
known as osteoid. Osteoblasts are normally located only in areas where osteoclasts 
were recently active (Parfitt, 1990). Osteoblasts may concentrate certain plasma 
proteins that are found in the matrix. The laying down of matrix by the osteoblast 
requires an active synthesis of protein (Vaughan, 1975). 
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d. Osteocyte ~ After the osteoblasts surround themselves with calcified 
bone matrix, they are called osteocytes. They are mature, uninucleate, nonmotile cells 
that reside in a special hole in bpne called an osteocyte lacunae (Frost, 1966). The 
osteocytes, as a group, vary widely in size, shape and intercellular detail. In addition, 
the density of packing and cellular arrangements within the matrix are affected by their 
maturity and the type of matrix they are located in. The lacunae are linked to one 
another and the bone surface by a series of narrow channels or canaliculi. These 
channels contain the osteocyte cytoplasmic processes that communicate with the 
processes of other osteocytes (Hukins, 1989). This coupling allows for the intercellular 
flow of ions and small molecules (e.g., hormones controlling bone growth and 
development). This contact between encapsulated osteocytes also provides a 
mechanism for the transfer of nutrients and metabolites between blood vessels and 
distant osteocytes. Up to fifteen cells can be provided for with this process (Junqueira, 
1983). 
i. The cellular features Qf .the. osteocyte The young osteocytes show 
many of the same characteristics as osteoblasts, except the endoplasmic reticula are 
fewer and more stout. The nuclei are large, round, and hypochromatic with prominent 
nucleoli, similar to the osteoblast. Their cytoplasm is finely granular, highly basophilic 
with many rod-like mitochondria. The cytoplasm also contains a large Golgi area, a 
rough endoplasmic reticulum, a small amount of glycogen, and some alkaline 
phosphatase activity (Bourne, 1956). 
The mature osteocytes of lamellar bone are flat and oval like almonds, and have 
many fine processes that freely branch out. These cells are evenly spaced and uniformly 
arranged with respect to the long and radial axes of the lamellar system they occupy. 
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They are much farther spaced apart and the size of their cytoplasm is smaller than 
young bone cells. Their nuclei are flattened and hyperchromatic. The cytoplasm is 
scanty and the basophilia, mitochondria, Golgi element, and glycogen content are less 
evident than younger cells. It is not known if alkaline phosphatase activity occurs or not 
(Bourne, 1956). 
ii. Function Qf .tM osteocyte The exact role of the osteocyte is still 
unclear. One suggested role of the osteocyte is the known ability of bone to change its 
structure in response to changing stress. This theory suggests the osteocyte network acts 
as a differential pressure sensor, which can detect variations in bone loading and send 
information to the cells (osteoblasts) responsible for bone remodeling (Hukins, 1989). 
A second suggested role of the osteocyte is the maintenance of the matrix by controlling 
the exchange of materials between the tissue fluids and matrix by way of the canalicular 
system (Williams et al., 1987 and Junquiera, 1983). This is made possible because no 
osteocyte is further than .1 to .2 mm from a capillary that could serve as a source of 
nutrients (Vaughan, 1975). This process of material exchange is known as osteolysis. 
The osteocyte's influence on bone tissue around the lacunae causes a modifying of bone 
matrix and loss of bone salts. Thus, this role includes the release of minerals from bone 
to blood and the homeostatic regulation of the amount of calcium in the fluids of the 
body (McLean and Marshall, 1968). 
e. Osteoclast ~ The osteoclast is a large or very large multinucleated cell 
that is derived from hematopoietic stern cells, (blood cell precursors) via monocytes or 
phagocytes (Ganong, 1989). The best place to find these cells is at the end of growing 
bone or wherever bone resorption is occurring. The pit that is created by the resorption 
of bone by the osteoclast is called the Howship's lacuna (Vaughan, 1981). The striated 
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or ruffled border in contact with absorbing bone forms an impressive histological 
picture which suggests that the cells are very active and use a large amount of energy. 
These cells are found on, or near, bone in process of physiological or pathological 
resorption (Bourne, 1956). 
i. Nuclei Qf ~ osteoclast The typical osteoclast contains 10 - 30 
nuclei with larger cells containing 50 - 100 or more nuclei and smaller cells possessing 
two or three nuclei. The nuclei are usually rounded or oval in shape and have one or 
two nucleoli. The nuclei are generally close together and may vary considerably in their 
appearance (Bourne, 1956). The nucleoli can be very noticeable even at the light 
microscope level (Holtrop, 1991). 
ii. Cytoplasm Qf ~ osteoclast The cytoplasmic characteristics are 
much different from those in other bone cells, especially osteoblasts. The Golgi 
apparatus is extensively developed during all stages of the cell development, which 
suggests that the osteoclast is a secreting cell. This well developed Golgi apparatus 
produces lysosomes, which aid in the breaking down of underlying bone (Bouvier, 
1989). The cytoplasm has many vacuoles and small vesicles, but there is little 
endoplasmic reticulum and few ribosomes or polyribosomes. The osteoclast has the 
largest number of mitochondria of all the bone cells. The most prominent feature of 
the cell is the brush or ruffled border next to the bone surface. This is made out of a 
series of thin finger-like cytoplasmic processes jetting out from the cell and landing on 
the bone surface to resorb bone. Between these processes is a system of vacuoles rich 
in enzymes that contain bone salt crystals and fragments of collagen fibers (Vaughan, 
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1975). Along with resorbing bone matrix, the osteoclast also absorbs the osteocytes in 
the bone matrix (Holtrup, 1991). 
iii. Function Qf 1M osteoclast Osteoclasts have the principle role in 
the resorption of bone. The cell secretes high concentrations of hydrogen ions into the 
ruffled border between the bone surface and the osteoclast that lowers the pH to about 
3. With a pH this low, demineralization of the matrix occurs, which produces a layer of 
non-mineralized osteoid beneath the osteoclast. Osteoclasts synthesize a variety of 
proteinases, which might digest the proteins within the matrix. Osteoclasts also produce 
neutral and acid phosphatases and many other enzymes (Hukins, 1989). Hancox (1972) 
suggests that during the process of resorption, the calcium is removed and then other 
constituents are digested by the many lysosomes of the cytoplasm. Histochemically, 
osteoclasts react to acid phosphatase because of their' high lysosomal content (Bouvier, 
1989). 
B. Repair and Healing of Bone Fractures 
1. Introduction 
Along with lower vertebrates, mammals have the remarkable ability to repair injured 
bone and even replace sections of the skeleton that are missing. When a bone is 
injured, it is not repaired solely with scar tissue as is the case for many other organs. 
Bone repair is often completed so well that it is hard to find the same area one year 
after the injury occurred. Formation of new-bone is a spontaneous reaction after any 
type of bone injury (McLean and Marshall, 1968). Aoki et al. (1977) stated that healing 
of bony tissue in the presence of biomaterials may be similar to normal fracture healing 
if materials which are biotolerant are used. 
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2. Sta~es .Qf ~ fracture repair 
The process of fracture repair is a set of cellular events that continues from the 
injury through the complete remodeling of this site. Second intention healing is one 
type of healing that has many stages of cellular events. This type of healing involves the 
creation of a callus that is a hard supportive structure of cartilage. This type of repair 
occurs especially when casts, screws, and other supportive devices are used. In order 
for this type of repair to occur, the stability of the fracture site is not perfect and/or the 
vascular integrity may have been changed. Repair is achieved through the combination 
of intramembranous ossification, endochondral ossification, and remodeling. The 
stages of repair include: impact stage, induction stage, inflammatory stage, reparative 
stage, and remodeling stage (Banks, 1986). 
a. Impact ~ The type and extent of damage to bone is caused by the 
energy absorbed during injury. Injury results in the loss of osseous continuity and 
sometimes soft tissue damage. The loss of osseous continuity causes the death of tissues 
because of the interruption of vascular blood flow. Clots soon form that cause more 
vascular damage in the hard and soft tissue. Therefore, on both ~ides of the fracture, 
the periosteal and marrow elements, the endosteal componen~, and bone cells die 
(Banks, 1986). 
b. Induction ~ This stage actually occurs throughout the repair process 
but it is important to note its significance. Cells must be induced to change into many 
new cellular populations. The alterations in blood flow, tissue hypoxia, and increases in 
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hydrogen ion concentrations may stimulate this cellular differentiation. The time 
needed for union of bone can be affected by changing the induction (Banks, 1986). 
c. Inflammatocy ~ The inflammatory stage occurs soon after injury 
because of the damaged blood vessels and hemorrhaging, and results in a hematoma. 
The environment of the injured area is acidic and hypoxic. The necrosis that results 
stimulates inflammatory cells to invade the area. Inflammation is a very important part 
of fracture repair because dead tissue is removed and the hematoma is reorganized and 
also removed. In order for repair to be achieved, inflammation must occur. The 
inflammation stage is termed over when redness, pain, swelling, and heat are no longer 
evident (Banks, 1986). 
d. Reparative ~ This stage includes cellular activities that are started by 
induction, continues through inflammation, and ends with callus formation. At the 
same time, the hematoma is reorganized and filled with phagocytic and fibroblastic 
cells, and the osseous envelopes have a large amount of mitotic activity of osteogenic 
and endothelial cells. The cells of the intact endosteum and periosteum, which are 
usually relatively inactive, undergo rapid mitoses (Martini, 1989). Blood vessels and the 
new cells from the endosteum move toward the fracture site, fill the hematoma and gap 
with fibrocellular, hyperplastic tissue that will tum into bone. This tissue will form in 
the marrow cavity and between fracture fragments. The newly formed woven bone 
which initially came from the endosteum is called the internal ( endosteal) callus 
(Banks, 1986). 
At the same time that the endosteal callus is forming, the cells of the periosteum 
move into the fractured area and produce a hypercellular mass. This mass of cells 
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changes into bone and cartilage and is called the external (periosteal) callus (Banks, 
1986). 
e. Callus formation The callus is defined as the new tissue that develops 
between and around the ends of the fractured area. The callus changes from its original 
fibrocellular tissue into bone, then grows, reproduces, and is soon remodeled (Banks, 
1986). 
i. External ~ Growth and reproduction of osteogenic cells of the 
periosteum begin in a good vascular environment. Therefore, osteogenic cells produce 
new bone along the boundary of the fracture. This layer of cells eventually bridges the 
gap made by the fracture and creates a large cellular layer away from the center of the 
hematoma. One theory is that the osteogenic cells grow and reproduce faster than their 
periosteal blood vessels and consequently, they change into chondroblasts. As a result, 
the external callus is made of new bone away from the center of the fracture gap and of 
cartilage close to the fracture gap. The outside of the external callus is covered by the 
periosteum. As the amount of cartilage increases by appositional and interstitial 
mechanisms, it moves away from its blood vessel supply (Banks, 1986). The 
chondrocytes near the cartilage /bone interface increase greatly in size and their 
surrounding matrix starts calcifying (Martini, 1989). Starting at the center of the gap 
and moving outward, there is calcified cartilage, and proliferating cells (Banks, 1986). 
Blood vessels and osteoblasts move into the heart of the cartilage, taking over the 
spaces left by the chondrocytes that died because of a lack of nutrients. This process 
continues until the calcified cartilage matrix is replaced by woven bone (Martini, 1989). 
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It so happens that this development of the callus is the same set of events as the process 
of endochondral ossification (Banks, 1986 and Junqueira, 1983). 
ii. Internal .c.allu.s. While the external callus is mainly responsible 
for stabilizing the injured area, the actual repair of the injured area occurs within 
the internal callus. The tissue which makes up the internal callus is derived from 
the endosteal envelopes. The events described above for the external callus occur at 
the same time the following events happen for the internal callus. The growing and 
reproducing cells of the trabecular and cortical endosteum take over the area left by 
the retreating hematoma. These cells form bone on the inside surface of the bone 
that eventually attaches on each side. The gap is filled with bone tissue and becomes 
continuous with the bone from the other side of the fracture. The internal callus 
has two main features, bone forms without having a cartilage intermediary and 
the internal callus is the tissue that causes the actual repair of the fracture (Banks, 
1986). 
f. Remodelin~ After the external and internal calluses create a brace at the 
fracture site, osteoclasts and osteoblasts remodel the region for the next four months to 
over a year (Martini, 1989). Since the fibrous bone has bridged the gap from one 
fragment to the other, it is quite stable and some normal bone function occurs. The 
mechanical situation allows bone to be formed where needed so temporary repair is 
replaced by more permanent bone (Sumner-Smith, 1982). 
The callus continues to be.converted into dense cancellous and compact bone. The 
new bone that is created next to the fracture site bonds to both dead and live bone. At 
this time of repair the marrow cavity and fracture gap should be filled with bone and 
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the fracture should be enclosed by an enlarged sleeve of bone. Any extra bone is 
removed by the osteoclasts. At the same time, new osteons travel across the fracture 
site (Banks, 1986). After the remodeling of the fracture is finished, the dead bone 
fragments and trabecular bone of the calluses will be gone and only living compact 
bone will be at the site. Usually the repair will leave the bone as it was prior to the 
injury, except maybe slightly thicker than normal at the injured site (Martini, 1989). 
C. Orthopaedic Implants and Designs 
Orthopaedics requires the use of many types of implants ranging from: nails, screws, 
plates, wires, pins, bone replacements, to total joint replacement. These implants are 
attached to the skeleton for either temporary or permanent repair. Temporary 
implants are used mainly for fracture fixation so the fracture is stable until the bone 
heals itself. They are usually needed only for a period of several months. On the other 
hand, permanent implants are intended to replace some section of skeleton for the 
lifetime of the patient. The main problem with the placement of implants in the body 
occurs when they loosen or break. Therefore, the fixation of the orthopaedic implant is 
extremely important as well as the design of the implant (Kossowsky and Kossowsky, 
1986). 
Bone replacements made with synthetic material or actual bone can take the form of 
many different shapes depending on the size of the gap which needs to be filled. To 
properly replace bone, the shape of the implant should cause minimal healing times and 
structural bone changes (Katz et al., 1988). The trauma caused by the amount of 
mechanical stress at the interface between a synthetic implant and the bone can be 
controlled by the choice of a biomaterial or the design of the implant. For example, 
synthetic biomaterials have a wide range of elastic moduli as seen in Table 1 below. 
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Table 1. Elastic moduli of various materials 
Material Elastic Moduli Reference 
Human Long Bone 17GN/m2 Williams, 1982 
(parallel to long axis) 
Alumina 350GN/m2 Williams, 1982 
Stainless Steel 220GN/m2 Williams, 1982 
Ti-Al-V 110GN/m2 Williams, 1982 
C. P. Titanium 100GN/m2 Williams, 1982 
Tricalcium Phosphate 87GN/m2 Graves, 1988 
Ceramic 
PMMA 3 GN/m2 Williams, 1982 
P1FE .5 GN/m2 Williams, 1982 
For a material that is placed in bone, it is important in most situations that the material 
has a stiffness (elastic modulus) that is similar to bone. This factor is crucial because 
structures joined with similar stiffnesses carry loads with minimal concentrations of 
stresses at the interface, and therefore loosening in the future is less likely (Katz et al., 
1988). 
Firm anchorage of an implant largely depends on the remodeling of the tissue in 
direct contact with the implant surface. Implant fixation requires knowledge of the 
directional dependence of the remodeling ability of bone tissue. Because of this 
remodeling ability, it is necessary to have at least three differently oriented faces in 
order to gain stable anchorage of an implant by neighboring bone (Heimke and Griss, 
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1980). The mechanical compressive stress placed on one of these implant faces is equal 
to the force divided by the perpendicular area where the force is being transferred. The 
force that is applied to an implanted device can be determined but not easily controlled. 
However, the second part of stress, perpendicular area, can be more easily controlled. 
An increase in area will decrease the amount of stress on the implant. Therefore, 
design, along with the material, affects the amount and character of the mechanical 
stress (Lemons, 1983). 
There are many different implant forms used to replace bone. The shape of bone 
autografts taken from various parts of the person's body includes chips, fragments, or 
any shape that fills the defect properly. The replacement may be cortical and/ or 
cancellous bone depending on the application (Bowerman and Hughes, 1975). With 
allograft bone, it is usually stored in a special bank of a hospital or clinic and comes in 
various shapes and sizes to match the shape and size of lost bone (Cloward, 1980). 
Ceramic implants also come in a variety of shapes and sizes to replace bone. 
Cylindrical, semi-cylindrical, tubular, block, and plug shapes have been used for 
different experimental bone replacement studies. For other orthopaedic applications, 
ceramics are used mostly in selected parts of hip and knee replacements or for coating 
metals. 
1. Implant an.Q material requirements 
There are some requirements that must be considered for successful biomaterial and 
implant usage. The situation in which the implant is used affects the importance of the 
requirements. The six general requirements are listed below (Ducheyne and Hastings, 
1984a). 
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1. Biocompatibility: This requirement includes two very important demands. First, 
the implant materials should not be harmed by the physiological environment of the 
body. Second, the implant materials should not harm local or remote tissues and 
organs. 
2. Sufficient Mechanical Properties: Many implants, especially those used in 
orthopaedics, can be put under loads that may be very high, under cycling, and with 
various strain rates. Therefore, properties like yield and ultimate strength, ductility, 
modulus of elasticity, endurance limit, and viscoelastic behavior are very important 
qualities to evaluate. 
3. Low Friction and Wear: The need for a low-friction coefficient and a high-wear 
resistant material is highly desirable in some situations because of the tissue reactions 
that can occur as the result of wear debris. 
4. Dimensions Appropriate to its Location: The implant should be created so that it 
doesn't injure other tissue because it is the wrong size or shape. It should also be made 
so that minimal tissue has to be excised during implantation.. 
5. Long-Term Functionality: The implant should last the lifetime of the patient or 
its intended length. 
6. Possibility to be Sterilized: Since it is necessary to sterilize implants before 
placing them in the body, some possible method of sterilizirig must be utilized. There 
are several methods that can be used, including: autoclaving (steam at 120 to 1400 C); 
gamma radiation; or sterilization by ethylene oxide. 
2. lnterfacial considerations .aru1 transfer Qf ~ 
The implant and tissues are .subjected to a complex state of mechanical stress when 
force is applied. This mechanical stress can be either tension, compression, or shear, 
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depending on: the direction of the applied force, the form of the body to which the 
force is applied, and the position of the interface of transfer. Most surgical implant 
interfaces have regions of tension, compression, and shear (Lemons, 1983). It is 
important to remember that stress is defined as the force per unit area and strain is the 
change in length per unit length experienced by a material placed under stress (Meade, 
1989). When stress is applied to bone, it responds by developing strain within it. If the 
strain causes a lengthening of the structure, then this strain is termed tensile. If there is 
a shortening of the structure, then this is called compressive. Other important stresses 
include flexure, shearing, and torque. In bone, the collagen fibers supply the tensile 
strength while the hydroxyapatite crystals supply the compressive strength. The 
compressive properties of bone are much higher than the tensile properties (Banks, 
1986). 
The main mechanical requirements for uninterrupted healing of bone is 
motionlessness at the injured area. However, Heirnke (1990) noted that this did not 
require an absence of forces. The only forces that disturb healing are the ones which 
cause movement at the two surfaces of the fracture. If the fracture site is not 
sufficiently stabilized, proper healing will not occur and a soft tissue layer will grow in 
its place. This soft tissue layer contains dense layers of collagen fibers that are usually 
aligned parallel to the surface and to the main direction of motion, and it contains a 
small amount of cells. After the soft tissue layer forms, a layer of densified bone that 
looks like lamella of cortical bone forms between the soft tissue and underlying bone. 
Clinically, this is considered a nonunion case (Heirnke, 1990). 
Bone is able to remodel according to mechanical demands placed upon it. Bone has 
the ability to adapt by changing its size, shape, and structure. The adaptation of bone 
follows Wolffs law which states that bone is laid down where needed and resorbed 
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where not needed (Frankel and Nordin, 1980). Jen.kins and Cochran (1969) found that 
if bone is not subjected to normal mechanical stress, resorption of periosteal and 
subperiosteal bone occurs that in turn reduces the strength and stiffness of bone. 
Researchers have consistently found that decreased loading of bone leads to a decrease 
in the total volume of the tissue but not a change in the material properties of the tissue 
i.e., a change in mineralization (Frankel and Nordin, 1980 and Meade, 1989). Uhthoff 
et al. (1985) along with other researchers, showed that the loss of bone mass is initially 
evident in the trabecular bone. Bone loss includes an increase in blood flow and 
cortical bone eventually begins losing tissue mass (Meade, 1989). Similarly, if the stress 
is too high, resorption and loss of bone will occur (Hassler et al., 1983). 
If the interface between the implant and bone tissue forms a callus, this callus 
e.nlarges the cross sectional area of the region while reducing the mobility of the 
fragments. The gain in cross sectional area causes an increase in the moment of inertia 
of the fractured bone (Mullen and Perren, 1972). The moment of inertia rises in 
proportion to the 4th power of the radius of the fracture. Therefore, the enlarging 
callus leads to a growth in the stiffness of the fracture. Along with the widening in 
diameter, there is an increase in the stiffness of the tissues in the region of the bone at 
the fracture site. First, granulation tissue is replaced by connective tissue (cartilage), 
then connective tissue is replaced by bone. The stiffening of the tissues helps reduce 
the movement between fragments. The initial tissues which fill the fracture site are 
able to handle elongation so they will not tear but have a limited stiffness and very low 
ultimate strength. The increase in stiffness of the tissues reduces the amount of motion 
and increases the ultimate tensile strength. The final tissue (compact bone) has a high 
ultimate tensile strength to handle normal stresses without breaking (Perren and Boitzy, 
1978). 
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The stress level of bone is greatly affected during healing by the stiffness of the 
stabilizing plate or other implantable devices. Depending on the implant site, the 
stiffness may have a large or small effect on the trauma at the interface (Lemons, 1983). 
Stabilizing plates are commonly used along with bone screws to secure bone fragments 
together. In the plated bone situation, bone will remodel by adding or removing 
cortical and/or cancellous bone. The plate will share some of the load (stress) that is 
placed on the bone. The percentage of load of the plate or bone depends on the 
geometry and material properties of each structure. If a plate is carrying most of the 
load, it will tend to unload the bone and resorption of the bone will occur. An 
increased profusion of haversian canals especially in the compact lamellar bone causes 
a loss of bone mass. These increased haversian systems seriously weaken the bone in 
tension and compression and a repeat break can occur (Sumner- Smith, 1982). This 
bone loss problem, which is called stress protection or stress shielding, includes the 
histological events that occur in bone when the rigid plate immobilizes it. Moyen et al. 
(1978) found that increasing the rigidity of a bone plate placed on the femur of dogs 
caused a decrease in bone mass without a reduction in size. After a six month 
implantation period, the bones with more flexible plates had lost 15.4% of their bone 
mass compared to nonplated femurs. The same length of time was used for the rigid 
plated bone and this bone had lost 26.4% of its bone mass when compared to nonplated 
femurs. The endosteal surface was the major area of bone tissue loss. The increased 
resorption of the intra-cortical and periosteal areas had very little effect on tissue loss. 
Muscle activity also affects the stress pattern in bone (Frankel and Nordin, 1980). 
Immediately after a bone fracture, pain induces reflex muscle contraction that helps 
stabilize the fracture a certain amount (Perren and Boitzy, 1978). 
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3. Compression platin~ Qf fractures 
To help reduce the amount of micromotion at the fracture site, compressive plating 
is standard equipment for orthopaedic surgeons. Compression plates include slotted 
holes which have angled slides. The holes are drilled into the bone, placed off center in 
these slots,and away from the fracture. After the screw is placed into the hole, the head 
of the screw travels along the angled slide and causes the plate to be in tension while 
the bone fragments are in compression. The compression helps the bone to interlock 
therefore stabilizing the fracture site (Christel, 1986). Therefore, compression does not 
cause osteogenic properties, since it only affects bone union by stabilizing the fragments 
so little or no micromotion occurs. This fragmental compression causes a closeness of 
the fragments that increases their frictional resistance to relative motion and is a very 
good method of restoring functional continuity to bone. With this increased functional 
continuity of bone comes a decrease in forces carried by the internal fix~tion device. 
Thus, if a perfect performance by a compression plate could be made possible, it would 
include holding bone under the exact compression to restore functional continuity to 
bone and restoring the normal mechanical function of bone (Sumner-Smith, 1982). 
Equally important as the bone plate compression is the bone-screw interface. The 
interface must handle large loads because of the transfer of load from the plate to the 
bone. This large load will cause the hypertrophy of bone to occur (Frankel and Nordin, 
1980). 
0. Materials and Designs Used to Replace Bone in Load-Bearing Positions 
There are many types of materials that could be used for replacing bone in load 
bearing applications. These materials provide the bending rigidity, strength, wear 
resistance, fatigue resistance, and other mechanical properties that are required for 
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loading over a long period of time in vivo. The problem that may occur using these 
biomaterials is not because of their lack of engineering properties but because of their 
lack of biocompatibility. Many materials have been shown to react with the body tissue 
and/or produce products that are not tolerated by the body (Bundy, 1989). The 
materials that will be discussed are autographs, allographs, polymers, and ceramics. 
1. Auto~aphs 
Autographs are tissue or organs grafted into a new area in the body of the same 
individual. The common donor sites for obtaining bone autographs are the iliac crest, 
tibia, fibula, greater trochanter, and posterior elements of the spine. Occasionally 
bones from the distal radius and hyoid bone are also used. Bone autographs are mainly 
used to replace bone in oral and maxillofacial surgery. They are also used to correct 
defects in the tibia, fibula, femur, cervical bones, vertebrae, cricoid arch, and 
perichondrial space of the ear (Bajpai, 1983). Since autogenous bone grafts offer 
excellent biocompatibility, they are generally considered to be the best material for 
replacing bone defects (Patka, 1984). The main reason for their success is the rapid 
vascularization of the implant along with the migration of living osteoprogenitor cells 
which produce bone cells within the transplant (Sauer et al., 1978). 
Bone autographs can be many shapes including chips, fragments or other shapes 
needed to replace the defect. The replacement can be cortical and/or cancellous bone. 
Cortical bone is used if strength and mechanical support are needed. Cancellous bone, 
on the other hand, is used to promote lattice formation and increase the regeneration of 
new bone (Bajpai, 1983). 
For a bone graft to survive, it must be placed in a well-vascularized site and be 
rapidly vascularized (Marciani et al., 1977 and Zins and Whitaker, 1979). In the bone 
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graft, the bone cells do not survive but it is possible that other cells of the periosteum, 
endosteum, and undifferentiated marrow may survive. The live cells may be very 
important for replacing the dead parts of the graft with new bone. Ooward (1980) 
suggested that the host provides both vascularization and bone cells for remodeling the 
graft. Partial resorption of osteons in bone grafts could be the reason that new bone in 
the autographs doesn't completely regenerate (Burchardt et al., 1975). Experiments 
with canines have shown that autografts change from cancellous bone to lamellar and 
cortical bone after six to twelve weeks (Burchardt et al., 1975 and Sauer et al., 1978). 
Vascularization in the graft was observed from one to three weeks after implantation 
(Sauer et al., 1978). Although autogenous bone is considered the best bone grafting 
material, failure does occur. A study by Burchardt and Enneking (1978) found that 
fifteen to twenty five percent of autogenous cortical transplants failed. The reasons for 
being unsuccessful were attributed to a failure to satisfy biological, physiological, and 
mechanical requirements. 
2. Allo~aphs 
When a very large section of bone needs to be replaced, transplant volume may not 
be obtainable: Therefore, bone from a bone bank is sometimes used which eliminates 
the need for· a second area of surgery to retrieve a bone graft. Using bone from the 
bone bank reduces operation time, blood loss, pain at the donor site, hospital stay, and 
morbidity. A large assortment of allograft bone makes it easier to match the size and 
shape of lost bone. However, allographs have a tendency to trigger the host's immune 
system. There have been many attempts by investigators to use allograft bone in 
orthopaedic and maxillofacial surgery. They have used procedures like chemical 
treatment, boiling, freezing, freeze-drying, irradiation, lyophilization, decalcification 
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and demineralization of the bone to increase the success of the allograft (Bajpai, 1983). 
Recently, additional problems for the allografts include the HIV virus which adds 
increased risk in using bone banks and produces the need for synthetic bone substitutes. 
Fresh and frozen bone used for allographs create cellular and humoral responses. 
However, blocking antibodies may protect the bone allograft (Bajpai, 1983). Oikarinen 
and Korhonen (1979) reported that the vascularization of preserved bone allografts 
begins slower than autogenous bone due to the host versus graft response and to the 
density of cortical bone. 
The allograft's success is influenced by many factors. One of the most important 
factors is the ability of the graft to stimulate the formation of bone. When bone cells 
are removed from their original blood supply, they rarely survive (Bajpai, 1983). 
Therefore, the host must supply the osteogenic cell~ needed to repair the area of the 
transplant. The repair is affected by the site of transplantation, surgical trauma, and the 
ability of the transplant to induce differentiation of osteogenic cells (Burchardt and 
Enneking, 1978). 
3. Biode~adable polymers 
Biodegradable polymers that do not cause an excess toxic or inflammatory response 
have limited uses in orthopaedics and can cause some problems as a bone substitute 
material. Controlling the degrading rate of polymers is a difficult problem which 
depends on the polymeric structure (Mears, 1979). Two popuJar biodegradable 
polymers are polyglycolic acid (PGA) and polylactic acid (PIA). These polymers 
offer the chance to achieve tissue regeneration without much interference with 
wound healing (Miller et al., 1977). Miller et al. (1977) researched the degradation rate 
of implants made of pure PGA and PIA in bone and in the abdominal wall. They 
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found that the degradation rate was the same in soft tissue and bone. Also, they found 
the half-life of 100% PGA was five months and that of 100% PIA was six months. 
Other polymer materials used for bone replacement include polyethylene, polyvinyl, 
acrylic compounds and methylmethacrylate (de Wij~ 1982). One of the main problems 
with these and other polymer implants is their inferior mechanical properties, especially 
for loaded regions (Patka, 1984). Another major problem with polymers is the fibrous 
tissue that usually surrounds the implant (Kerr, 1981). The incompatibility of polymers 
is generally caused by certain additives which cause toxic reactions (Leininger, 1972). 
Additives such as plasticizers, fillers, heat stabilizers, pigments, and lubricants have 
been studied to increase mechanical properties and inertness (Patka, 1984). 
4. Ceramics 
There are many ceramic materials available but only a small number of these have 
been found useful as bone replacement materials. These include some oxide ceramic 
materials, some ceramics of the calcium phosphate salts, some ceramics created from 
calcium phosphates with glass, and glass ceramics. When compared to metals, ceramics 
are different because the ionic bonding is predominant, mainly between oxygen and a 
metal ion. This ionic bonding is responsible for the mechanical, chemical, thermal, 
electrical, and optical properties of the ceramic (Heimke, 1990). 
The success of ceramics as biomaterials is largely dependent upon their 
compatibility in the physiological environment. Certain ceramics tend to be compatible 
because they are composed of ions found in the body (calcium, potassium, magnesium, 
sodium, etc.) or ions that have shown limited toxicity to body tissue (aluminum and 
titanium) (Hulbert et al., 1983). Ceramics can be classified under three different 
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groups: bioinert, bioactive, or biotolerant (resorbable) (Ducheyne and Hastings, 
1984d) 
a. Bioinert ceramics The bioinert ceramics make up the first group of 
ceramics. This group includes various oxides, nitrides, and carbides of base metals 
which can be used in dense or porous form. These ceramics have little or no chemical 
change when they are placed in a physiological environment for a long period. Even if 
small amounts of degradation of these ceramics occur by long term chemical or 
mechanical exposure, the body controls the situation by its own regulatory mechanism. 
The tissue response to inert ceramics is either direct contact or the formation of a 
fibrous membrane that is several micrometers or less (Hulbert et al., 1983). The 
bioinert ceramics have a high compressive strength, density, modulus of elasticity, and 
hardness. Most of these materials also have very good wear and gliding behavior 
(Ducheyne and Hastings, 1984d). 
Another group of bioinert ceramics is that which has different modifications of 
carbon. The three types of carbon that are used clinically are isotropic forms of carbon 
with a turbostratic structure. These three forms of carbon are pyrolytic carbon, vitreous 
or glassy carbon, and vapor-deposited carbon (Williams, 1981). One of the main 
advantages of carbon when compared to metals, polymers, and other ceramics is that its 
strength is not reduced by cyclic loading. Failure of turbostratic carbon does not occur 
because of a fatigue mechanism (Shim, 1974). Another advantage of carbon materials 
is their high biocompatibility or inertness with bone, soft tissue, and blood. They are of 
limited use in highly loaded applications but are effective as cardiovascular implants or 
in situations which operate under cyclic loading: 
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In an experiment performed by Kenner (1978), he inserted pyrolytic carbon plugs (6 
mm long • 3 mm diameter) into holes that were drilled in the midshaft of the femur of 
dogs. The dogs were sacrificed after one, two, and three months of implantation with 
these plugs. A microradiographic and histologic study of the plugs found that after one 
month small quantities of new, woven bone were laid down at the interface between the 
original cortical bone and the carbon implant. The interface contained no evidence of 
fibrous capsule formation or giant cells. After 2 months, the gap was filled and 
remodeling had removed the woven bone and replaced it with cortical bone. After 3 
months, almost all of the woven bone at the interface had been replaced with cortical 
bone so there wasn't a detectable encapsulating sheath. 
Biomechanical considerations are very important for load-bearing implants that 
interface with bone (Paul et al., 1972). One of these considerations is the stiffness of 
the implant. Some carbons have a stiffness of 21to16 GPa which is similar to bone. 
As noted in part 2 of section C, Interfacial considerations and transfer of force, this is 
important because structures joined with similar stiffnesses carry loads with minimal 
concentrations of stresses at the interface and therefore, loosening is less likely. This 
principle can be very useful when designing carbon dental implants, acetabular cups for 
total hip replacement, carbon finger joints, carbon tibial plateau replacements or any 
other implantable device (Cranin et al., 1977). 
b. Bioactive ceramics The bioactive ceramics include calcium phosphate 
containing glasses, glass ceramics, and apatite (Ca10P04) 60H2 (Hulbert et al., 1983). 
Ducheyne and McGuckin (19-90) described bioactivity as, 
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"1be property of the material to promote the formation of the normal 
tissue at its surface, and furthermore, the ability to create a contiguous 
interface capable of carrying stresses normally occurring at the site of 
insertion." 
The composition of these ceramics is designed so that a certain chemical reaction 
occurs with the physiological environment that in turn causes a chemical bond between 
the tissue and the implant. Degradation of the implant is minimized by this bonded 
interface (Hulbert et al., 1983). Also, the bonding is able to transfer shear and tensile 
stresses along the interface that could be advantageous when anchoring implants 
(Eulenherger and Neiderer, 1978). 
c. Resorbable ceramics Resorbable ceramics are made of elements that can 
pass through normal metabolic pathways, like calcium and phosphorus (Hulbert et al., 
1983). Therefore, resorbable ceramics are mostly based on calcium phosphates in 
different modifications and on plaster of Paris (CaS04) (Heimke and Griss, 1980). The 
difference between bioactive and resorbable materials is that resorbable materials have 
a higher grade of solubility that causes a gradual degradation and resorption by the 
surrounding tissue, encourages bone to grow on the material and into pores and, some 
researchers believe that a total transformation of the material into living bone occurs in 
this way (Heimke and Griss, 1980, and Osborn and Newesely, 1980). Therefore, these 
ceramics could provide new materials for filling and bridging bone defects (Ducheyne 
and Hastings, 1984d). However, there are problems that may occur during the 
transformation of the material into bone. Two of the main concerns is how the 
resorption process works and the lost strength of the ceramic during the resorption of 
the ceramic. 
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E. Ceramic Materials Used tor Bone and Joint Replacement 
1. Alumina ceramics 
Alumina (Al20 3) is a bioinert ceramic used quite often in reconstructive surgery. 
Ceramics that have an Al20 3 content of at least 85% are generally called alumina 
ceramics (Heim.kc, 1990). According to Grisset al. (1973), the alumina content must 
be at least 99.5%. Most of the alumina ceramic implants used in clinical trials and 
applications in the 1970's through today follow this requirement (Heim.kc, 1990). 
Alumina ceramics have proven their biocompatibility and are used in many different 
bone and joint replacement applications. Since these ceramics have relatively high 
strength, good wear resistance, low coefficient of friction and a lack of chemical 
reactivity, they are used in load bearing components of hip and knee joints. Also, 
because of their inertness they are used for dental implants, maxillofacial surgery, 
keratoprostheses, and ossicular chain replacements (Ducheyne and Hastings, 1984d). 
Experiments by Griss and Heim.kc (1981) showed that pure alumina ceramics have 
interface remodeling that followed the same sequence of reactions as in fracture 
healing. Grisset al. (1973) implanted dense alumina (99.7% Al20 3 and .3% MgO) into 
the femur of Wistar rats for segments of four to seventy weeks. At the end of the 
experiment, a richly cellulated soft-tissue layer of mesenchyme character was reported 
to occur in direct contact with the implant. This soft tissue layer and new bone cuff 
around the alumina were well vascularized. Harms and Mausle (1979) found that after 
two weeks of intraosseous implantation in rats, the wide space around the alumina 
implant had extensive new bone formation with a small amount of connective tissue. 
After just four weeks, the implant bad uninterrupted bone coverage with sparse 
connective tissue. From two to four months of implantation, mature lamellar bone was 
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in close contact to the alumina surface without a soft tissue interlayer. Implanting 
Al20 3 ceramics in bard tissue under different load areas was performed by testing it in 
the proximal femur of dogs by Boutin (1972) and Hentrich et al. (1971), in the midsbaft 
of the femur of rats by Griss et al. ( 1973 ), in the mids haft region of the femur in dogs by 
Predecki et al. (1972), and in the distal femur of rabbits by Cini et al. (1975). All of 
these scientists found rapid woven bone formation along smooth and profilated alumina 
surfaces within four to eight weeks among the various test animals. The various areas 
of loading among these studies didn't seem to affect the bone forming next to the 
alumina. In all these experiments there was no significant change in the bone/alumina 
implant interface after six months of implantation. The above interface between 
alumina and bone can be very intimate. Grisset al. (1980) showed nearby osteocytes 
projecting their plasmatic dendrites up to the surface of the alumina implant. This 
observation was regarded as a sign of bioinertness or biocompatibility of high density 
alumina. 
Other studies have shown alumina implants and bone separated by various 
amounts of fibrous tissue. For example, Grisset al. (1973) found that in addition 
to the above intimate bone contact with alumina implants, there were chondroblastic 
metaplasias and fibrous tissue along the implants in rat femurs after seventy 
weeks. 
It is very important to note that the different results for the alumina or any other 
biomaterial could be caused by different lengths of implantation, by different load 
patterns along the interface, or by motion of the different implants. Therefore, a 
standard surgical technique is necessary for undisturbed bone formation at the implant 
interface. Any type of movement at the interface lowers the chance for the initially 
formed fiber callus to transform into woven and lamellar bone (de Groot, 1983). 
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2. Introduction 1Q calcium phosphate ceramics 
Calcium phosphate ceramics are resorbable and have some very good properties for 
hard tissue replacement. These properties include very low toxicity, no intervening 
fibrous tissue, the possibility of forming a direct bond with bone, and the possibility of 
stimulating bone growth. Since calcium phosphate ceramics bond directly with bone 
they are classified as bioactive ceramics. The surrounding tissues and fluids affect the 
rate of ions released from the resorbable calcium phosphate ceramics (Ducheyne and 
Hastings, 1984d). 
The replacement of hard tissue in any part of the body requires a compatible 
interface between the biomaterial and bone along with a strong enough material to 
handle the loaded conditions. The biocompatibility of implant materials is optimal 
when the material allows normal tissue growth and normal transferring of loads at the 
surface. Calcium phosphates can be made with properties that are very similar to hard 
tissue (Klein et al., 1990). Calcium phosphate ceramics are stronger in tension and 
compression in comparison to spongiose bone transplants. For cortical bone 
replacement, bone grafts have similar compressive strength and a higher tensile 
strength than these ceramics. Therefore, these ceramics might be effective as a 
replacement for spongiose bone grafts or to replace bone where spongiose or cortical 
bone grafts cannot be applied. It is important that these ceramics are placed in areas 
where they will not fail due to high tensile stress (de Groot, 1983). 
There are many calcium phosphate salts available that are present in, or similar to, 
bone and tooth mineral (de Groot, 1983). The average compositions of the major 
minerals in specimens of human calcified tissues are shown in Table 2. 
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Table 2. Average composition of minerals in human calcified tissues as 
far as the major components are concerned (Driessens, 1980) 
Component Bone 
Calcium (Ca) 36.7 
Phosphorus (P) 16.0 
Carbonate (C03) 8.0 
Sodium (Na) .77 
Magnesium (Mg) .46 
Fluorine (F) .04 
Calcium/Phosphorus ( Ca/P) 1.77 
From Table 2, it is obvious that calcium and phosphorus are abundant in bone, dentin, 
and enamel. The main constituent of natural osseous tissue is calcium hydroxyapatite, 
Ca10(P04) 6(0H2), which is present as extremely small crystallites that stiffen the 
collagen fibers found in bone (McGee and Wood, 1974). The main calcium phosphate 
ceramics that have been tested as bone replacement materials and which use the 
minerals listed in Table 2 include hydroxyapatite, tricalcium phosphate ceramics, and 
octacalcium phosphate (Ducheyne and Hastings, 1984c). 
a. Hydroxyapatite Hydroxyapatite (HA) has a chemical formula of 
Ca10(P04) 6(0H)2 that gives a Ca/P ratio of 1.67. Dense HA ceramics are well accepted 
by bone tissues and tend to allow the formation of a somewhat direct bond to living 
bony tissue. The essential feature of this bonding to bone is due to the layer of tiny 
hydroxyapatite particles that are deposited by the body onto the implant surface that in 
turn initiates a continuous bond formation (Heimke, 1990). The bone that bonds to the 
ceramic is free of clefts or inclusions of giant cells. The cell processes of the adjacent 
osteocytes are in intimate contact with the ceramic. Ceramic surfaces without bone 
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contact are covered by a thin layer of fibroblasts, mono- or multinuclear macrophages 
(giant cells). One year later there still were macrophages in the connective tissue and 
crystalline granules within the cytoplasm. The new lamellar bone has a structure of part 
bone and part ceramic (Heim.kc, 1990). 
Many researchers have shown some very promising biocompatibility results with 
hydroxyapatite ceramics. Completely dense implants of HA show very slow rates of 
resorption, if any (Jarcho, 1981). Jarcho et al. (1977, 1978) reported that within one 
month of implantation of dense HA implants, the surface had fibroblasts differentiating 
into osteoblasts forming bone in direct apposition to the implant surface. Newly 
formed bone was reported to deposit around fibroblasts and osteoblasts at six weeks of 
implantation. After six weeks the surface was predominated by osteocytes and at six 
months compact bone formed directly onto the surface with no fibrous encapsulation. 
Denissen et al. (1980) proposed that a chemical bond occurs between bone and the 
ceramic and the union is often so strong that removing the implant would be impossible 
without fracturing surrounding bone. 
Klein et al. (1990) performed an experiment that compared TCP (beta-whitlockite) 
and HA macroporous ceramic implants placed in canine femurs. The 15 mm, mid-
diaphyseal defects created in the femur were filled with semicylindrical implants which 
were 15 mm long .with a 10 mm radius. The total porosity of the implants was 45% with 
a macropore size of 150 to 250 micrometers. The implants were supported by internal 
fixation (stainless steel plate and screws) for six months. After this time the plate was 
removed, and the dogs were sacrificed anywhere from six to twelve months. The 
histological observations showed both ceramics had bony ingrowth into the pores after 
six months. The pores were completely filled with bone that had the appearance of 
osteons with haversian canals. The beta-whitlockite showed evidence of degradation 
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but this may have helped encourage bone to grow up to the surface. After 12 months, 
the beta whitlockite had resorbed so much that only unconnected pieces remained. The 
measurements of the distribution of labeled 45Ca proved the degradation of the 
whitlockite. In the area of the internal fixation screws and the newly formed bone 
tissue replacing the implant, no 45Ca labeling could be found. This suggests that the 
resorbing ceramic was not incorporated into the new bone. The HA showed no 
changes in 4.SCa even after 1 year of implantation. These researchers recommended HA 
for bone replacement over beta-whitlockite. Their two reasons for this decision were 
better biocompatibility of HA for bone tissue and that 45Ca was not found in either 
newly formed bone tissue where the implant had been or in the surgical split space. 
Patka et al. (1990) performed an experiment with four mongrel dogs that used 
semicircumferential femoral midshaft defects that were 15 mm long. The defects were 
filled with proper size.implants that were 45% porous HA in one group and 45% 
porous TCP in another group. The implants were stabilized with stainless steel plates 
and screws for six months and then the plate and screws were removed for another six 
months. Fast bioresorption of the TCP was found to have occurred while the HA did 
not degrade. This result has been observed by many researchers, including Patka 
(1984) and Klein et al. (1983). The biocompatibility of the HA was found to be better 
because there were inflammatory reactions with the TCP implants. However, new bone 
formed where TCP resorbed. These researchers recommended using porous HA 
implants for filling bone defects and supporting bone tissue in places where 
compressive forces mainly occur. In a similar experiment using hydroxyapatite, Patka 
(1984) used dense and porous HA implants in the shape of half and full cylinders. He 
concluded that porous HA materials can be used in natural, load-bearing areas if 
sufficient mechanical support is given in the early stages after implantation. Longer 
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periods of support were recommended for the full cylindrical implants. Here again, no 
degradation of the porous or dense HA was found even after two years of implantation. 
Also, the ingrowth of bone in porous HA resulted in a composite material with better 
mechanical properties than dense HA or the porous HA prior to implantation. 
b. Tricalcium phosphate Tricalcium phosphate (TCP) with a chemical 
composition of Ca:,(P04) 2 has shown biocompatibility in similar ways to alumina and 
HA. TCP (beta whitlockite crystal structure), along with HA, are the most widely 
investigated calcium phosphate biomaterials (Jarcho, 1981). TCP has shown that it can 
encourage the ingrowth of soft tissue and bone, especially when it is porous. TCP has a 
Ca/P ratio of 1.5 and a chemical name of anhydrous alpha or beta-tricalcium 
phosphate. The TCP can be resorbed, and it may aid in the regeneration and healing of 
bone, so it has been used as a bone scaffold (Boretos, 1987). The products which are 
resorbed from the TCP are identical to the natural calcium and phosphate ions in the 
body fluids. The rate of resorption is so slow that increases of calcium or phosphate are 
not detectable (Bucholz et al., 1987). Jarcho (1981) found that a fully dense 100% TCP 
ceramic dissolved 12-22 times faster than a fully dense HA ceramic depending on the 
pH of the solution. For in vivo studies, comparison of different biodegradation is very 
difficult because the rate of degradation is affected by: the type and age of an animal, 
the location and stress placed on the implant, and the microporosity of the ceramic 
implant (Ducheyne and Hastings, 1984d). 
Lemons et al. (1980) used TCP in granular form as an autogenous bone extender in 
the long bone discontinuities of rabbits. They found that the 50: 50 TCP autogenous 
bone healed in six weeks while the 100% autogenous bone required four to six weeks. 
They concluded that it may be possible to use granular TCP implants in humans where 
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minor stresses are applied. Bucholz et al. ( 1987) used TCP and HA for filling traumatic 
defects in long bones of humans. TCP was used as a bone graft substitute in thirty-two 
patients. HA was used as a bone graft substitute in forty-six patients. The HA implants 
were placed in thirty-four metaphyseal defects and twelve diaphyseal defects in the 
tibia, humerus, ulna, radius, and femur. The HA material that was used in this 
experiment was derived from South Pacific coral. The implant bad pores with 500 to 
600 micrometers in width and interconnecting pores of 220 to 260 micrometers. The 
TCP implants were 36% porous with pores that ranged from 100 to 300 micrometers in 
diameter. These implants were placed in the tibia (14), radius (6), ulna (3) and the 
humerus (1). The implants were frequently stabilized with rigid compression plates or 
infrequently with intramedullary nails. All of the patients were monitored closely 
except six TCP patients and eight HA patients were lost to follow-up. The results from 
the HA showed fracture union in all cases, and often, adjacent cancellous bone joined 
to the implant without radiolucent lines at the interface. There were no adverse 
reactions or problems caused by the HA The same excellent results were obtained 
with the implants. Here again, radiographs showed evidence of TCP biodegradation. 
The authors concluded that both of these materials serve as excellent scaffolds or 
matrices for the incorporation of connective tissue. They also concluded that the 
connective tissue regenerated bone in a way that is similar to autografts. 
In another study by Oaes et al. (1990), researchers were trying to find whether or 
not the success of bridging large diaphyseal cortical defects by means of implants is 
dependent on the material and if there is a critical bridging distance. The materials 
(HA, TCP, titanim:n~ polymethylmethacrylate (PMMA) and polyacetal resin) had the 
shape of semicylinders that were 20 mm long with 2% residual porosity. Each 
semicylinder consisted of two shells. The inside shell had an outer radius of 5 mm and 
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an inner radius of 3 mm. The outside shell fit over this shell and had an inner radius of 
5 mm and an outer radius of 8 mm. The shells were screwed together in the middle of 
the implant with a 2 mm screw. The inner surface of the outside shell had two square 
canals that were milled to 1.5 • i.5 mm2 and two other square canals that were milled to 
.5 • .5 mm2 through the entire axial length of the implant. Five of each ceramic implant 
were placed in the right metatarsal of sheep for sixteen weeks. Histological 
examination of the interface of bone with titanium, PM~ and PAR showed 
connective tissue with many fibroblasts. In the canals of these materials, bone was 
growing circumferentially and close to the bone bed. In contrast, the HA and TCP had 
newly formed bone in direct contact with the surface. The canals for these ceramics 
were almost totally filled with bone, and blood vessels had grown in the center of the 
canal. Overall, longitudinal and cross sections of bone showed much higher density of 
• 
bone for the bioactive ceramic materials. Since the TCP had a higher density of bone 
in the cross sections and longitudinal sections than HA, the authors preferred TCP over 
HA for repairing defects. The authors also felt that since TCP and HA offered direct 
contact and had the ability to guide growing bone into the interior of an implant, TCP 
and HA should be used for integration or substitution of a replacement device. They 
suggested using ceramic implants with macro canals and micro porosity for better 
guiding function of bone. 
Daculsi et al. (1990) used a composite of 60% HA and 40% beta-TCP, which was 40 
to 50% macroporous with macropores ranging from 400 to 600 micrometers in 
diameter. Two human patients (a ten year old boy and a thirty-two year old woman) 
received this material as a bone graft in the distal part of the tibia and femur, 
respectively. The same matenal was tested in thirty-six bone defects that were 
surgically created in the femoral cortices of seven Beagle dogs. Four more defects were 
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used as controls, and both the controls and implants were extracted after two, four, 
eight, and eighteen weeks. The histological and crystallographic results from the 
humans showed tightly bonded bone to this composite, and the macropores were filled 
with lamellar and woven bone. The new bone was well vascularized, and many 
osteocytes were visible. In the animal experiments, bone was also in close contact at 
the surface without a fibrous interface. Microradiographs showed mineralization of the 
newly formed bone at the interface. After 18 weeks, the entire outside section of the 
implant was changed into new cortical bone and remodelling was observed. As far as 
the biodegradation of this composite, these researchers felt that it was necessary to use 
a partially resorbable calcium phosphate ceramic to enhance faster bone formation 
even if there is a loss of ceramic crystal. They also felt the mixture of TCP and HA 
provided the proper bioactivity characteristics: the HA for long periods of stability and 
TCP for resorbability. They found that most of the new bone at the interface is 
lamellar and the ceramic seemed to act as a scaffold for direct osteoblastic cell fixation 
and well-organized bone growth. This well organized bone tissue was also found for the 
control defects which showed the efficiency of this material for replacing bone defects. 
Finally, since the remodelling occurs inside the implant as is true with normal bone, 
they concluded that this implant was better resistant to strain. 
Koster et al. (1976) implanted compact and macroporous cylindrical calcium 
phosphate ceramics with Ca/P ratios of 1, 1.5, and 2 in dog tibias. They felt that the 
resorption of TCP depended on the amount of stress placed upon it. The loading was 
based on the weight of the animal; the less loaded TCP was resorbed slower than the 
highly loaded TCP. In contrast, the Ca/P with a ratio of 2 did not resorb under the 
various loaded conditions. 
51 
One of the more detailed studies on the tissue response to TCP was done by 
Cutright et al. (1972). Porous TCP pellets were placed in holes drilled in the tibia of 
rats for up to forty-eight days and histological studies were performed. They found 
minimal inflammatory response to the ceramic. After implantation there was 
granulation tissue forming but after twenty-one days, most of the cavities were filled 
with osteoid. At 28 days there was remodeling and lamellar formation. By 42 days, 
only 20% of the ceramic was left and after forty-eight days the ceramic area was mostly 
filled with bone and marrow. In other experiments, TCP ceramics were compared with 
empty control defects to find which produced better healing rates. Nery et al. (1975) 
and Levin et al. (1975) found that the empty periodontal defects in dogs healed faster 
than those filled with porous TCP. On the other hand, Mors and Kaminsky (1975) 
found that surgically created defects in dog palates healed faster with TCP than empty 
control sites. These same results were found by Ferraro (1979) using porous, TCP 
blocks as bone grafts in orbital rims, mandibles, and the iliac crests of dogs. 
Currently however, the only TCP on the market for human use is in the form of 
coatings for metals, and granules to fill periodontal defects. One of the reasons for 
minimal FDA approval of TCP is the resorption process of this ceramic is not fully 
understood (de Groot, et al. 1990). Also, another concern of this ceramic is its inability 
to handle major stresses. 
c. Tricalcium phosphate/spinet Tricalcium phosphate implants have shown 
that they are very compatible with the body, as discussed above. However, pure 
tricalcium phosphate ceramic_, as is true for most ceramics, is not inherently strong 
enough for load-bearing conditions. Also, it loses strength due to biodegradation. The 
strength of this material can be increased with the addition of magnesium aluminate 
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spinel (MgAlz04), which was initially suggested by Janikowski and McGee (1969). The 
compressive strength, tensile strength, and Young's modulus of elasticity for this 
material, bone, and stainless steel are shown in Table 3. As seen by these results, the 
addition of the inert spinel increases the compressive strength of tricalcium phosphate 
from 6,700 psi to 43,300 psi and increases the modulus of elasticity from 12.62 • 106 psi 
to 16.57 • 106 psL Another benefit of adding MgA120 3 spinel to tricalcium phosphate is 
the insolubility of the spinel in aqueous solutions. Ceramic materials that are 
composed of calcium phosphate and MgA120 3 spinel and are used for the permanent 
replacement of bone were called osteoceramic by McGee and Wood (1974). These 
researchers tested porous and dense osteoceramic implants in the mandible and 
maxilla of dogs and found bone immediately adjacent to the implant with no fibrous 
encapsulation. They also found mineralized bone several millimeters into the porous 
implants. Karagianes et al. (1974) used magnesium aluminate spinel as a dental anchor 
in swine and found very high tissue biocompatibility with no inflammatory response. 
Aksaci (1981) used a porous fluorapatite (Ca10(P04) 6F2)- spinel (MgA120 4) ceramic 
as a bone bridging implant in the femur of canines. She found that bone filled the pores 
of the implants with no inflammation or fibrous capsule. Tweden (1987) used 
TCP /spinel as a dental implant and compared it to three other commercial materials. 
The TCP /spinel was tested against: single-crystal sapphire (Bioceram® ); pyrolytic 
carbon (Pyrolite ® ); and a titanium alloy (Core-vent ® ). The TCP /spinel was found 
to have the lowest inflammation rate and earliest bone contact of the materials tested. 
Within 3 months of implantation, approximately 80% of the implant bad direct bone 
contact. This action was nine months sooner than maximum bony contact by the 
sapphire or titanium alloy implant. In this current study, a 50 vol% tricalcium 
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Table 3. Mechanical properties of various materials 
Material Compressive Tensile Strength Young's Modulus Reference 
Strength of Elasticity 
Tricalcium 6,700 psi · 1580 psia 12.62 • 106 psi Graves, 1988 
Phosphate 
(alpha-
~(P04)2) 46.2 MPa 11 MPa 87.10 GPa 
Spinel 26,900 psi 6340 psia 32.53 • 106 psi Graves, 1988 
186 MPa 44MPa 224.00 GPa 
Tricalcium 43,300 psi 10,196+ /-1160psib 16.57 • 106 psi Graves, 1988 
Phosphate/ 
Spine I 299 MPa 70.3 + /- 8 MPa 114.00 GPa 
Compact 20,885-23,206 psi 10,152-14,504 psi 1.16-2.46 • 106psi Carter and 
Bone Spengler, 1978 
144 - 160 MPa 70-100 MPa 8 - 17 GPa 
Cancellous 101.5-10,588 psi 159.5-507.6 psi .014-.391 • 106 psi Yamada, 1970 
Bone 
.7- 73 MPa 1.1 - 3.5 MPa .1-2.7 GPa 
316L 80,000 psi 80,000 psi 17.5-57.5•106 psi Callister, 1985 
Stainless 
Steel 552 MPa 552 MPa 120- 396MPa 
Dense 48,600-70,344 psi 5,076-6236 psi 1.59-1.89 * 106psi Carter and 
Hydroxy- Spengler, 1978 
apatite 335-485 MPa 35-43 MPa 11-13 GPa 
a Estimated value from compressive stress. 
b A modulus of rupture (MOR) test was used to find this result. 
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phosphate and 50 vol% spine! composite was used. The procedure using this composite 
as a bone bridging device is discussed next. 
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CHAPTER III. MATERIALS AND METHODS 
A. Purpose 
The purpose of this research was to design, implant, and evaluate, macro and micro 
radiographically, tricalcium phosphate/spine! bone bridges in the femurs of canines. 
Surgical ostectomies were performed to create mid-diaphyseal defects measuring 
approximately 25 mm in length. Dense cylindrical implants with a unique material and 
design were placed in these bone defects to restore bone continuation. 
B. Design of the Bone Bridge Implant 
The hard tissue replacement used for this study was designed to permanently 
replace a section of bone. The implant was created with a tubular shape that had 
the same outside diameter as the expected bone diameter. With the same outside 
diameter, compression under load would be applied more evenly across the cortical 
bone to the ends of the cylindrical ceramic implant. To better match the bone bridge 
with an outside diameter of 15.70 mm - 16.95 mm (Table 4) to the proper femoral 
diameter, dogs that were forty-five to sixty-five pounds were chosen. The length 
of the implant ranged from 23.55 mm to 27.35 mm as seen in Table 4. The parameters 
in Table 4 coincide with Figure 4 or 5. As seen in Table 4, the axial canals of the 
implants had inside diameters ranging from 5.45 to 10.20 mm. The axial canal was 
created so that the bone marrow and endosteum could reconnect along with the blood 
supply and nerves of the bone. The continuity of bone would ~ot only bring the bone 
back to optimal health, but al$O increase the region's strength in compression, tension, 
and bending. 
Table 4. Dimensions of the bone bridges 
Dog Implant Inside 
Number Length Diameter 
(L) (l.D.) 
(mm) (mm) 
1. a 27.10 6.80 
2.b 27.05 10.15 
3. b 26.95 6.65 
4. b 26.25 8.85 
5. a 27.35 5.45 
6. b 23.55 5.70 
7. b 24.25 10.20 
a Dimensions coincide with Figure 5. 
b Dimensions coincide with Figure 4. 
Outside 
Diameter 
(O.D.) 
(mm) 
16.70 
15.70 
16.60 
16.70 
16.75 
16.95 
16.75 
Outside 
Tenon 
Width 
(a) 
(mm) 
5.7 
2.5 
6.4 
6.5 
5.1 
6.7 
6.0 
Inside Dovetail Transverse Dovetail 
Tenon Slot Width Hole Width Slot Depth 
Width 
(b) (c) (d1) (d2) (e) 
(mm) (mm) (mm) (mm) 
1.2 2.6 1.7 3.4 3.6 
1.9 2.4 1.8 3.8 
2.1 2.6 2.2 5.0 
3.2 2.1 1.9 3.5 
.8 2.9 1.6 1.6 5.5 
2.0 2.2 2.0 3.3 
3.6 2.5 2.0 3.1 
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c 
Figure 4. 
OD 
Figure 5. 
Implant design showing where a, b, c, d1, and e are located for Table 4 
d, 
~----+-------' d I 
Implant design showing where l.D., 0 .D., L, d1, and d2 are located for 
Table 4 
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Some more features included in the design that can be seen in Figures 4 and 5 are: 
six tenons placed at the cranial and dorsal ends of the implant to interface with the 
bone, six dovetailed slots between the tenons available for bone ingrowth, six 
longitudinal grooves running on the outside of the implant from one cranial dovetail 
slot to one dorsal dovetail slot, and six (Figure 4) or ten holes (Figure 5) drilled 
transversely through the longitudinal grooves (d1 and d2= 1.6 to 3.4 mm in Table 4). 
The implant with ten transverse holes in Figure 5 is arranged with two longitudinal 
grooves having one transverse hole and the other four longitudinal grooves have two 
transverse holes. The two longitudinal grooves with one transverse hole are axially 
arranged so that they are 1800 apart. After the bone ingrowth occurred, the torsional 
and bending movement would be greatly reduced because of the strength of the bone 
interlocking within the tenons and dovetail slots. A chance for more solid interlocking 
between the bone and the dovetail slot was created by slightly increasing the area of the 
slot axially toward its central base. The longitudinal grooves were added to aid the 
oncoming bone so that it would possibly reconnect sooner and would help stabilize the 
implant. Here again, encapsulation of the implant with bone would strengthened the 
area in compression, tension, and bending. The transverse holes were added so that the 
inside blood flow would nourish the oncoming bone on the outside of the implant. The 
holes were also added for the possible insertion of a Kirschner wire to hold the implant 
to the bone plate. The wall thickness and tenon size of the implants were varied to 
obtain the best design for uniform stress distribution. The complete implant geometry 
was designed to provide bone with the chance to stabilize and to permanently affix the 
bone replacement device. The implant was intended to furnish excellent bone 
continuation so that the internal supporting device could eventually be removed without 
complications or risks. 
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C. Manufacture of the Bone Bridge Implant 
The manufacture of the ceramic bone bridge began with two raw material powders, 
calcium phosphate tribasic (Mallinckrodt) and magnesium aluminate spinel (Baikowski 
International Corp.). Fifty volume percent of calcium phosphate tribasic was used. 
This material has a true density of 3.14 g/crn3 and a non-stoichiometric, nominal 
chemical composition of ~(P04)z, but actually bas a Ca:P ratio of 1.58 instead of 1.50. 
The other fifty volume percent was magnesium aluminate spinel, which bas a true 
density of 3.57 g/crn3 and a chemical composition of MgA120 4• The spinel powder was 
a single calcined, high purity, very fine powder with a particle size of 0.03 micrometers. 
This selected spinel was easier to machine because the finer powder did not flake off. 
The raw materials powders were weighed and stirred together. The green strength 
of the ceramic was increased by using a 9% binder /plasticizer solution. The binder, 
40303.00 Dow experimental binderl, was mixed with the plasticizer, Polyglycol E-400 
plasticizer 1, at a ratio of 20: 1, respectively. In order to get a 9% binder /plasticizer 
solution, 1.5% binder/plasticizer and 7.5% water were mixed together. Then this 
solution was added dropwise to the powders and mixed with a mortar and pestle. This 
mixture was passed through a thirty mesh stainless steel sieve and again mixed with a 
mortar and pestle. The agglomerate particle size was less than 600 micrometers. 
Approximately 20 grams of powder were placed in a stearic acid lubricated, one inch 
diameter, stainless steel die. The powder was pressed at 4000 psi using a Carver 
Laboratory Press (Model C). After placing the compacted powder into a rubber 
envelope, it was isostatically pressed at 25,000 psi. 
Next, the shaping of the implant was performed. The cylindrical implant was drilled 
longitudinally through the center of the cylinder to produce a tube. A drill press with 
1 Dow Chemical, Midland, MI. 
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either a 3/8 inch drill bit, 1/2 inch, or 5/8 inch drill bit was used with very light pressure 
to create the central hole. The outer, delicate shaping of the implant was then 
completed with a fine-toothed jeweler's saw and with miniature files. After the 
detailing of the implant was completed, it was sintered to 14500C with a heating rate of 
lOOoC/hr. All of the implants were sterilized with an autoclave prior to implantation. 
D. Animal Model Selection 
Choosing a proper experimental animal model included the following requirements 
(Von Recum, 1986): 
1. Repair of the defect has to occur normally. 
2. The animal has to be manageable during surgery, healing, and x-raying. 
3. The animal should be able to heal with minor complications and handle stress. 
4. Results should be comparable to other researchers and their animals. 
Since dogs meet these requirements, they were chosen for this research. Dogs have 
often been used for ceramic bone implant research because they have bone mechanics 
that are similar to those in humans. Dogs also have a turnover rate of bone that is two 
to three times faster than humans (Von Recum, 1986). 
E. Animal Selection 
Seven mongrel dogs with an average age of two years were used for this implant 
study. These dogs consisted of four females and three males with a weight of 45 to 
65 pounds. This weight range was chosen to have dogs with large femurs. The 
individual weight, sex, and length of bone bridge implantation for each dog is shown in 
Table 5. 
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Table 5. Dog weights, sexes, and length of bone bridge implantation 
Dog Number Weight Sex Implantation 
Length 
(pounds) (months) 
1 60 M 2 years, 4 months 
as of 11/1992 
(Continued Study) 
2 45 F 9 
3 55 M 71/2 
4 65 F 7 
5 65 F 6 
6 60 F 4 
7 55 M 3/4 
F. Surgical Procedure 
The surgical procedure began with anesthetizing the dog. Anesthesia was induced 
by intravenous administration of thiamylal sodium2 (17.5 mg/kg). After insertion of a 
cuffed endotracheal tube, the dogs were maintained using 1-3% halothane gas. 
Cephalothin sodium3, which is an antibiotic for reducing wound and pulmonary 
infection, was given pre- and post-surgically at 20mg/kg. The rear quarter of the dog 
was clipped and prepped using, alternately, betadine scrub and 95% alcohol. A five 
2 Surital ® , Parke-Davis, a division of Warner-Lambert Co. Morris Plains, NJ 07950 
3 Keflen ® , Eli Lilly & Co. Indianapolis, IN 46285 
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minute sterile scrub using betadine was performed following the initial prep. The ECG 
was monitored using a Datascope 861 dual-trace physiological monitor4. The leg was 
then draped using aseptic technique and covered with a sterile stockinette. 
A skin incision was made along the cranial border of the biceps femoris muscle from 
the level of the greater trochanter to the proximal patella. This skin was sown to the 
stockinette using 2-0 monofilament nylon suture material. Electrocautery was used to 
help provide hemostasis. The skin margins were retracted and the fascia lata was 
incised along the cranial border of the biceps femoris muscle. This incision was the 
same length and directly below the skin incision. The biceps femoris was retracted 
caudally and the vastus lateralis muscle was retracted cranially to expose the shaft of 
the femur. An eight hole, 316L stainless steel, AO/ ASIF dynamic compression plate 
was contoured to the lateral side of the femur, centered at midshaft, and set aside. A 
section of the adductor muscles, which insert on the caudal aspect of the femur, was 
elevated away at mid-diaphysis. The vastus intennedius was retracted from the cranial 
surface of the bone at the same level. Two transverse osteotornies were then made, 
each approximately twelve millimeters from rnidshaft, using an oscillating saw with a 
one inch blade. After the cut was made, the diameter and length of the ostectomy was 
measured so that a pre-prepared implant with a similar diameter and length could be 
implanted. 
The implant was secured to the previously contoured plate using Kirschner wire. 
Two different methods were used for this attachment procedure. The first method, 
which requires a single Kirschner wire to hold the implant to the plate, was used in dogs 
1, 6, and, 7. This single sixteen gauge wire was passed through two transverse holes in 
the center of the implant that were parallel with the top of the steel plate. After passing 
4 Datascope Corp., Paramus, NJ 07652 
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the wire through the two holes in the implant, it was brought over the top of the plate 
and secured in hemicerclage fashion. This method is called method 1, and is shown in 
Figure 6. The second method, which requires two Kirschner wires to hold the implant 
to the plate, was used in dogs 2, 3, 4, and 5. Dog 2 received eighteen gauge wire and 
dogs 3, 4, and 5 received sixteen gauge wire. Both wires were wrapped around the 
outside wall of the implant and secured to the plate in a full cerclage fashion. One wire 
that circled the implant was placed between the center and proximal end. The other 
wire circled the implant between the center and distal end as seen in Figure 7. With the 
implant fastened to the plate, the plate was clamped to the lateral side (tension side 
under physiological loading) of the femur to appose the proximal and distal osteotomy 
sites with the ends of the implant. After the bone and implant were aligned 
appropriately, three cortical screws (3.5 mm diameter) were placed on each side of the 
implant. Each screw hole was drilled, measured to insure both cortices would be 
spanned, and tapped. The first two screw holes were drilled using a guide that offsets 
the hole in the slot of the plate so that compression was applied to the implant from the 
bone. The third screw on each side of the implant was placed in a neutral position in 
the center of the allotted screw hole. After the screws were tightened, the area was 
irrigated with sterile saline. Closure consisted of using 0 monofilament polyglyconate 
suture material to suture the fascia lata to the cranial border of the biceps. The 
subcutaneous fat and fascia were closed using 2-0 monofilament nylon suture material. 
The skin was apposed using 4-0 surgical steel sutures. 
The implants were radiographed immediately post-surgery. The health of the dog 
was watched closely and cefadroxil5 (10 mg/kg per dose), an antibiotic, was given twice 
a day for six days. The surgical steel sutures were removed after ten to fourteen days. 
5 Cefa-Tabs ® , Fort Dodge Laboratories, Inc., Fort Dodge, IA. 
Figure 6. 
tvf'LANT 
A B c 
Schematic drawing of: (A) femur with an ostectomy, (B) bone bridge placement in the femur, and (C) 
internal fixation with a single Kirschner wire holding the bone bridge (method 1) 
Figure 7. 
OSTECTOMY 
A B c 
Schematic drawing of: (A) femur with an ostectomy, (B) bone bridge placement in the femur, and (C) 
internal fixation with two Kirschner wires holding the bone bridge (method 2) 
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G. Examination Procedure 
The dogs were examined regularly after the surgical procedure. The condition of the 
wound, the animal's temperature, food and water intake, along with the weight-bearing 
of the animal on the operated extremity were the criteria given very close attention. 
They received no food for twelve hours after the surgery but were then given a soft and 
hard food diet for two weeks. They received hard food after two weeks. The clinical 
examination included lateral - medial and cranial - caudal radiographs. Weight-bearing 
in all of the dogs began with very lightly touching the extremity to the floor. Gradual 
increases in weight - bearing of the extremity continued until normal walking occurred. 
Depending on the condition of the wound, the stainless steel sutures were cut with a 
suture scissors and removed after approximately fourteen days. 
H. Macroradiographs 
Macroradiographs were taken directly after implantation and every five to seven 
weeks thereafter. Since the calcium phosphate tribasic/spinel implants are radiodense, 
they are easily identified with radiographic techniques. They were created under 
standard conditions so that the exact angle was not reproduced each time. 
I. Bone Labeling 
Bone labeling in calcified tissue allows a better observation of the growth, 
regeneration, and repair of bone. Certain chemicals administered into the body attach 
to calcium and cause it to fluoresce. These chemicals cause fluorescing in bone by 
changing the short wavelengths of light into longer visible wavelengths. The 
fluorescent calcium that is deposited in active bone tissue becomes trapped forming 
labeled bands. These fluorescent bands can have various colors if different 
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fluorochromes are used to mark the calcifying front of growing bone surfaces. These 
bands can be very helpful for finding the amount of bone growth between different time 
periods. In order to view the bands of different colors, histological sections need to be 
prepared and viewed with a fluorescence microscope. 
Two different fluorochromes were used, oxytetracycline hydrochloride and xylenol 
orange. Oxytetracycline hydrochloride6 was administered orally to each dog at 250 mg 
every eight hours for three days. Oxytetracycline was used at two different time 
periods, with xylenol orange being administered between these two periods. Xylenol 
orange 7 was given intravenously as a 3% aqueous solution with a dose of 90 mg/kg. 
Oxytetracycline produced a light yellow fluorescence band, while the xylenol orange 
gave an orange fluorescence band. Bone labeling markers were given during the time 
periods shown in Table 6. 
Table 6. Dates of bone labeling for each time period and dates of euthanasia 
Step Dog Number 
1 2 3 4 
Bone 
Labels 
Oxytetra- 2 /19-22/ 2 /19-22/ 2 /19-22/ 2 /19-22/ 
1cycline 1991 1991 1991 1991 
Xylenol 4/17/ 4/17/ 4/17/ 4/17/ 
Orange 1991 1991 1991 1991 
Oxytetra- 6 /23-26/ 6 /23-26/ 6 /23-26/ 6 /23-26/ 
1cycline 1991 1991 1991 1991 
Euthanasia continued 8/1/ 7/24/ 7/30/ 
study 1991 1991 1991 
6 Rugby Laboratories, Inc., Rockville Centre, NY. 
7 Sigma Chemical Co., St. Louis, MO. 
5 
2 /19-22/ 
1991 
4/17/ 
1991 
6 /23-26/ 
1991 
8/1/ 
1991 
6 7 
no no 
4/17/ no 
1991 
6 /23-26/ no 
1991 
7/29/ 5/17/ 
1991 1991 
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J. Euthanasia 
Euthanasia of six of the seven dogs occurred as follows: one at 3 weeks; one at 4 1/ 2 
months; one at six months; one at seven months; one at seven 1/2 months; and another 
at nine months (Table 6). The dogs were euthanized using a 1 ml/10 lb dose of 
Beuthanasia-D8. The femur containing the implant was removed from each dog and 
placed in sterile saline. The seventh dog was chosen to be part of a continued study and 
will not be euthanized. This dog has had the implant for over two years and is discussed 
below in section M., Continued Study. 
K. Histological Preparation 
After the femur of each dog was removed, the blood and attached soft tissue, 
composed mostly of muscle, were gently cleaned from the bone with scalpels and 
sterile saline. After photos and video recordings were made of the whole femur, a 55 
mm to 85 mm middiaphyseal section of bone containing the implant was removed 
from the femur (Figure 8). Each section was removed with two transverse cuts using a 
small, hand- held, fine toothed, bone saw and a cushioned vise. It should be noted that 
the plate and screws were left in place to stabilize the area until the cutting was 
completed. The plate and screws held the bone and implant strongly in place so 
minimal damage could be done to the bone, implant, or the interface during the cutting 
procedure. 
Next, the stainless steel screws were removed from the bone, and then the stainless 
steel plate ~as removed. The screws and plate were difficult to remove from the dog's 
femur because bone had grown slightly over the top of the plate and built up in the 
8 Schering Corporation, Kenilworth, NJ. 
A 
Figure 8. 
TRANSVERSE SECTIONS 
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LONGITUDINAL SECTIONS 
D 
B 
c 
Schematic drawing of: (A) the internal fixation holding the bone bridge, (B) internal fixation removed 
from the femur, (C) removal of a specimen from the femur, and (D) the halves of the specimen that were 
cut into transverse and longitudinal sections 
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screw holes of the plate. The mid-shaft samples were macroradiographed one last time 
in the lateral - medial and cranial - caudal planes. A better view of the bone 
attachment was obtained since the plate and screws were not in the x-ray. The sections 
were fixed in 70% ethanol because ethanol does not cause tetracycline to leech out 
during the dehydration process. This mid-shaft section of the femur was further 
prepared for histological evaluation so that the contact areas between the bone and 
ceramic implant could be studied for biocompatibility. The procedure that was used to 
prepare the samples is presented in Table 7. 
Table 7. Dehydration and embedding procedure for mid-shaft sections of bone 
Total Days Medium Environment 
30 70 percent ethanol Changed weekly 
(aqueous) 
5 90 percent ethanol Changed daily 
(aqueous) 
5 95 percent ethanol Changed daily 
6 100 percent ethanol Changed daily 
6 100 percent ethanol Changed daily 
5 50% Spurr's mediuma: Under 27mm.Hg vacuum 
50% Acetoneb 
5 100 percent Spurr's Under 27mm.Hg vacuum 
medium 
a Polysciences, Inc., Warrington, Pa. 
b Fisher Scientific, Fair Lawn, New Jersey 07410. 
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The specimens were cured for twenty-four hours in a 70°C oven; this resulted in a fully 
polymerized Spurr's medium. It should be noted that the components of the Spurr's 
embedding medium include the following weighed amounts: 
* 10.0 g vinylcyclohexene dioxide, 
• 6.0 g diglycidyl ether of polypropyleneglycol, 
*26.0 g nonenyl succinic anhydride, and 
• 0.4 g dimethlyamino ethanol (mixed last). 
The excess Spurr's medium was trimmed from the blocks and then the midshaft 
section was longitudinally cut in half (Figure 8). One of the these halves was cut into 
longitudinal sections and the other half was cut into transverse sections. The 
longitudinal and transverse sections were cut in the range from 150 to 250 micrometers 
using a Buehler Isomet Low Speed Saw (model 11-1180)9 with a five inch, high 
concentration diamond wafering blade. The sections were then thoroughly cleaned 
with soap and water. 
L Microradiographs 
Microradi.ographs of the longitudinal and transverse sections were created at the 
University pf Iowa College of Dentistry using a Torrex X-ray Inspection System 10. This 
system operated at 60 KV for 10 seconds. The specimens were placed 40 cm from the 
X-radiation source and Kodak electron microscope fi~m (4489, estar thick base) was 
used to produce the microradiographs. 
9 Buehler Ltd., Evanston, Illinois 
10 Torr X-ray Corp., Van Nuys, California 
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M. Continued Study 
The first dog to receive the implant was chosen for a continued study. This dog 
received the implant on June 28, 1990. After thirteen months of implantation, the 
internal fixation device was removed using a similar operation procedure as described 
for implantation. Excellent radiographic results and encouragement from three 
orthopaedic surgeons at Iowa State Veterinary Hospital helped support this decision. 
Extra work was required to remove the Kirschner wire, screws, and plate, after the bone 
was exposed. This dog had received the single wire through the center of the implant 
(Figure 6). The twisted ends of the Kirschner wire were untied. The wire could not be 
completely removed due to solid bone growth holding it. Therefore, the wire was 
clipped as close as possible to the bone covering the implant and the remaining wire 
was left in the bone. The screws were removed fairly easily with a hexagonal headed 
screw driver. Bone that slightly covered the ends of the plate and screw holes was 
scraped away when necessary to remove the plate. Special care was taken while 
removing the internal fixation so that damage to the bone or implant was minimized. 
Radiographs were taken prior to and after the removal of the internal fixation device. 
Similar close attention was given to the dog, especially the operated extremity, as done 
after the implantation surgery. No complications occurred due to the surgical 
procedure. Presently, this dog has had the implant without internal fixation for over a 
year and 4 months without any complications. 
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CHAPTER IV. RESULTS AND DISCUSSION 
The results obtained from this research will be discussed as follows: 
macroradiograph evaluation, longitudinal rnicroradiograph evaluation, transverse 
microradiograph evaluation, implantation observations, implant design evaluation, and 
overall evaluation. 
A. Macroradiograph Evaluation 
Macroradiographs were taken while the bone bridge was in the femur of each dog to 
evaluate the internal fixation techniques, the reaction of bone to the ceramic, and the 
effectiveness of the implant design under loaded conditions. All of the radiographic 
exposures were created under standard conditions so comparisons could be made 
between each radiograph. 
1. Macroradio~aphs Qf ill2i 1 
The first radiograph taken immediately after implantation of the bone bridge in dog 
1 occurred on June 28, 1990. As seen in Figures 9 and 10, the implant's dovetail slots 
and axial canal are without bone content. These x-rays show the radiolucent gap 
between the implant's distal end and the bone. As expected, radiolucent gaps and lack 
of bone content are evident in the initial radiographs of each dog. The implant is 
slightly larger in diameter than the adjacent bone's diameter. The implant is held to the 
plate using the single wire method (method 1). 
After one month of implantation, primary (also called woven) new bone is beginning 
to fill the radiolucencies in the implant region (Iucencies becoming opaque) (Figure 
11). The proximal section of the femur has a widening of the bone next to the implant. 
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This widening is starting to grow around the implant's caudal side. The distal section of 
the femur also has a widening of the bone next to the implant. This bone is growing 
proximally around the implant's caudal side. The ends of the implant have bone filling 
the interface but there still are some radiolucencies. Figure 12 shows distal and 
proximal bone advancing on the medial side of the implant. 
At two months post-implantation, there is an increasing encapsulation of the implant 
by proximal and distal bone (Figure 13). Bone has especially grown well on the caudal 
and medial (Figure 14) sides of the implant. These sides of the implant show that bone 
is very near completion of encasement. The new bone density is increasing 
(radiographically becoming more opaque). That indicates bone is remodelling. 
At 6 1/2 months, bone bas completely encased the caudal side of the implant with a 
thick, uniform layer (Figure 15). Cranially, bone growing around the implant tapers 
proximal to the Kirschner wire. There are radiolucencies between the implant and the 
bone on all sides. The cranial-caudal view shows a thin encasement of bone on the 
medial side of the implant (Figure 16). This view shows the dovetail slots are not 
lucent. That indicates they contain bone. 
At 13 months, the caudal side of the implant has the same encasement as at 6 1/2 
months except the new bone is thinner with higher densification because of remodelling 
(Figure 17). Bone has filled the radioluciencies of the proximal, distal, and caudal sides 
of the implant. Bone growth along the cranial side of the implant has continued but 
complete encasement has not yet occurred. The cranial-caudal view shows a very 
distinct, uniform layer of bone covering the medial side of the implant (Figure 18). 
Here again, the radiographs show the dovetail slots contain dense bone. The day after 
this x-ray was taken (July 26, 1991), the bone plate, screws, and most of the Kirschner 
wire were removed from the femur and the extremity was allowed to heal. 
Figure 9. Cranial-caudal macroradiograph of dog 1, post-implantation 
(Note: For all cranial-caudal macroradiographs, the proximal direction is 
toward the right of the page, distal is toward the left of the page, medial is 
toward the bottom of the page, and lateral is toward the top of the page) 
Figure 10. Lateral-medial macroradiograph of dog 1, post-implantation 
(Note: For all lateral-medial macroracliographs, the proximal direction is 
toward the right of the page, distal is toward the left of the page, cranial is 
toward the bottom of the page, and caudal is toward the top of the page) 
Figure 11. Lateral-medial macroradiograph of dog 1 after 1 month of implantation 
Figure 12. Cranial-caudal macroradiograph of dog 1 after 1 month of implantation 
Figure 13. Lateral-medial macroradiograph of dog 1 after 2 months of implantation 
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Figure 14. Cranial-caudal macroradiograph of dog 1after2 months of implantation 
Figure 15. Lateral-medial macroradiograph of dog 1 after 6 1/2 months of 
implantation 
Figure 16. Cranial-caudal macroradiograph of dog 1after6 1/2 months of 
implantation 
Figure 17. Lateral-medial macroradiograph of dog 1 after 13 months of implantation 
Figure 18. Cranial-caudal macroradiograph of dog 1 after 13 months of implantation 
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Figure 19 displays the implant after two and a half weeks without the internal 
fixation. Holes left by the screws are visible in this radiograph. Encasement on the 
caudal and medial side (Figure 20) of the implant is complete and now the bone along 
the cranial side of the implant has connected. It can be assumed that bone has grown 
into all of the dovetail slots, and throughout the axial canal of the implant. 
Four months after the internal fixation was removed (17 months total), the empty 
screw holes have filled with bone and there is very good definition of an 
endosteal/medullary junction up to the implant (Figures 21 and 22). Bone has encased 
the side of the implant where the bone plate had been so complete encasement has been 
reached. 
Fourteen months after the internal fixation was removed (2 years, 3 months total), 
there still is excellent definition of an endosteal/medullary junction up to the implant 
(Figures 23 and 24). Also, there still is a very thick layer of high density bone completely 
covering the implant with solid bone growth into and through the implant. The holes in 
the bone where the bone screws had been placed are completely filled. Thus, there is no 
evidence that internal fixation was used to support this implant except for the section of 
Kirschner wire that couldn't be removed because of bone growth. None of the 
macroradiographs of this dog's implant have shown any signs of fracture. 
2. Macroradiographs Qf !lQg 2 
The first radiograph taken immediately after implantation of the bone bridge in the 
second dog occurred on October 25, 1990. Both Figures 25 and 26 show that the implant 
is considerably larger in diameter than the adjacent bone's diameter. A larger diameter 
implant had to be used because a smaller diameter implant was not available at the time 
of implantation. Figure 25 shows very good bone contact at the distal end of the 
Figure 19. Lateral-medial macroradiograph of dog '1after13 1/2 months of 
implantation 
Figure 20. Cranial-caudal macroradiograph of dog 1after13 1/2 months of 
implantation 
Figure 21. Lateral-medial macroradiograph of dog 1after17 months of implantation 
Figure 22. Cranial-caudal macroradiograph of dog 1 after 17 months of implantation 
Figure 23. Lateral-medial macroradiograph of dog 1 after 27 months of implantation 
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implant. A slight gap is visible at the proximal-caudal end of the implant and the plate 
axis did not coincide with the femur axis. The two wire method (method 2) is used to 
secure the implant to the plate. Radiographs taken after two months of implantation, 
Figures 27 and 28, show primary new bone growing over each end of the implant. The 
bone plate has shifted axially on the distal end. There is more distal bone growth 
around the implant than proximal bone growth (Figure 27). Radiolucencies appear 
along each end of the implant. The cranial-caudal view (Figure 28) shows bone 
growing over the medial side of the implant. The dovetail slots and transverse holes 
seem filled with bone because of the increased opacity within the implant region. 
The final x-ray before extraction of the femur was taken after nine and a half months 
of implantation. The lateral-medial view (Figure 29) shows that the caudal side of the 
implant has bone developing along it but the proximal and distal bone has advanced 
over each wire without connecting. Bone growth is minimal along the cranial side of 
the implant. There still are radiolucencies along each end of the implant. That 
suggests implant movement was occurring. The screw head displacement toward the 
implant is greater than before. The cranial-caudal view (Figure 30) shows only a small 
amount of bone growth (proximally and distally) along the medial side of the implant. 
3. Macroradiographs Qf Q.Qi ~ 
The first radiograph taken immediately after implantation of the bone bridge in the 
third dog occurred on December 6, 1990. The implant is slightly larger in diameter 
than the adjacent bone's diameter (Figures 31 and 32). The lucencies along the ends of 
the implant and between the dovetails are visible in these radiographs. The two wire 
method (method 2) was used to secure the implant to the plate. 
Both ends of the implant have failed after six weeks of implantation (Figure 33). 
The implant has fractured into small pieces in these areas. The pieces have remained 
Figure 24. Cranial-caudal macroradiograph of dog 1 after 27 months of implantation 
Figure 25. Lateral-medial macroradiograph of dog 2, post-implantation 
Figure 26. Cranial-caudal macroradiograph of dog 2, post-implantation 
Figure 27. Lateral-medial macroradiograph of dog 2 after 2 months of implantation 
Figure 28. Cranial-caudal macroradiograph of dog 2 after 2 months of implantation 
; -
Figure 29. Lateral-medial macroradiograph of dog 2 after 9 1/2 months of implantation 
Figure 30. Cranial-caudal macroradiograph of dog 2 after 9 1/2 months of implantation 
Figure 31. Lateral-medial macroradiograph of dog 3, post-implantation 
Figure 32. Cranial-caudal macroradiograph of dog 3, post-implantation 
Figure 33. Cranial-caudal macroradiograph of dog 3 after 6 weeks of implantation 
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close to the main section of the implant. Both of the Kirschner wires have moved 
toward the center of the implant. The bone bas shifted axially toward the implant at 
both ends. Excessive primary new bone from the proximal femur has advanced over the 
implant on the cranial side (Figure 34). Moderate amounts of primary new bone are 
proceeding over the other three edges and the small fragments of the implant. 
Four months of bone bridge implantation show very good progress of bone along the 
cranial side of the implant, and union from both sides is very close (Figure 35). The 
primary new bone shows signs that remodelling is occurring. Except for minor shifting 
of fragments, little change is visible on the caudal side of the implant. The cranial-
caudal view (Figure 36) shows one ceramic fragment lying next to the implant without 
bone fixation. The medial side of the implant has a small amount of bone growing from 
the proximal and distal ends. 
Figures 37 and 38 were taken after seven and a half months of implantation on the 
day before the extraction of the femur. Bone has connected on the cranial side of the 
implant (Figure 37). The caudal side of the implant shows some increased bone growth 
with remodelling. The fragment on the caudal side of the implant is still loosely 
connected. The cranial-caudal view (Figure 38) shows that bone has filled the gaps at 
the ends of the implant, and the bone is possibly filling the axial canal. The Kirschner 
wires are loose and displaced. 
4. Macroradio2raphs .Qf .d.Qi ~ 
The first radiograph taken immediately after implantation of the bone bridge in the 
fourth dog occurred on December 18, 1990 (Figures 39 and 40). The implant's diameter 
is similar to the adjacent bone's diameter. The two wire method (method 2) is used to 
secure the implant to the plate. Application of the bone plate in this dog is more 
cranial-lateral than the previously used lateral placement. There is a significant gap 
Figure 34. Lateral-medial macroradiograph of dog 3 after 6 weeks of implantation 
Figure 35. Lateral-medial macroradiograph of dog 3 after 4 months of implantation 
Figure 36. Cranial-caudal macroradiograph of dog 3 after 4 months of implantation 
Figure 37. Lateral-medial macroradiograph of dog 3 after 7 1/2 months of implantation 
Figure 38. Cranial-caudal macroradiographs of dog 3 after 7 1/2 months of implantation 
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between the ends of the implant and the bone. 
Seven weeks of bone bridge implantation show primary new bone beginning to 
encase the implant up to the nearest Kirschner wire (Figures 41 and 42). Both of these 
radiographs show that the bone is moving into and filling the interface and dovetail 
slots of the implant because the lucencies around the implant ends are becoming 
opaque. 
Bone bas filled the radiolucencies of the implant after seven and a half months of 
implantation. The lateral-medial and cranial-caudal views (Figures 43 and 44) show a 
very good continuation of proximal and distal bone up to the implant, especially on 
the medial side of the implant. Overall, the implant seems permanently locked into 
place. 
5. Macroradio~raphs Qf .®i ~ 
The first radiograph taken immediately after implantation of the bone bridge in the 
fifth dog occurred on January 31, 1991. The implant is slightly larger in diameter than 
the adjacent bone's diameter as seen in both Figures 45 and 46. The two wire method 
(method 2) was used to secure the implant to the plate. There is good interface contact 
between the distal/proximal ends of the implant and the bone. 
Ten weeks after bone bridge implantation, the lateral-medial view (Figure 47) shows 
a very large amount of primary new bone growing proximally and distally along the 
caudal side of the implant up to the Kirschner wires. The bone screws are no longer 
centered in the holes. Considerable axial movement has occurred. The top of this new 
bone is connected together forming a bridge of bone over the Kirschner wires with a 
gap between the implant and the bridge. The proximal end of the implant has good 
bone growth but there is minimal growth on the distal end. Figure 48 shows that the 
Figure 39. Lateral-medial macroradiograph of dog 4, post-implantation 
Figure 40. Cranial-caudal macroradiograph of dog 4, post-implantation 
Figure 41. Lateral-medial macroradiograph of dog 4 after 7 weeks of implantation 
Figure 42. Cranial-caudal macroradiograph of dog 4 after 7 weeks of implantation 
Figure 43. Lateral-medial macroradiograph of dog 4 after 7 1/2 months of implantation 
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Figure 44. Cranial-caudal macroradiograph of dog 4 after 7 1/2 months of implantation 
Figure 45. Lateral-medial macroradiograph of dog 5, post-implantation 
Figure 46. Cranial-caudal macroradiograph of dog 5, post-implantation 
Figure 47. Lateral-medial macroradiograph of dog 5 after 10 weeks of implantation 
Figure 48. Cranial-caudal macroradiograph of dog 5 after 10 weeks of implantation 
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shaft of the femur has increased in diameter. This larger femoral diameter is indicated 
by the increased bone volume on top of the bone screw ends. The dovetail slots, axial 
canal, and transverse holes are shown radiograpbically to be filled with bone. Fracture 
of the implant bas occurred allowing the two Kirschner wires to move closer to the 
center of the implant. 
After six months, bone bas made a very large, remodelled bridge over the Kirschner 
wires on the caudal side as shown in Figure 49. Bone has completely encased this side 
of the implant except for the gap between the Kirschner wires and the bridge of bone. 
The cranial side of the implant is half encased with a thin layer of proximal bone. The 
proximal end of the implant is shown radiographically to be in close contact with the 
surrounding bone. The caudal side of the implant's distal end is in close contact with the 
bone, but the cranial side has a lucent gap. Figure 50 shows high density bone with very 
intimate contact growing into and around the implant. A small layer of bone has grown 
up to the Kirschner wires on the implant's medial side. 
6. Macroradio2raphs Qf ~ ~ 
The first radiographs taken immediately after implantation of the bone bridge in the 
sixth dog occurred on March 18, 1991 (Figures 51 and 52). The implant was fastened to 
the plate using the single wire method (method 1). The implant is slightly larger in 
diameter than the adjacent bone's diameter and was shifted slightly off axis. The third 
bone screw away from the proximal end of the femur is at the plane of the nutrient 
foramen (Figure 52). The fourth screw is close to the implant/bone junction. There is 
close contact between the ends of the implant and the bone. Figures 53 and 54 show 
Figure 49. Lateral-medial macroradiograph of dog 5 after 6 months of implantation 
Figure 50. Cranial-caudal macroradiograpb of dog 5 after 6 months of implantation 
Figure 51. Lateral-medial macroradiograph of dog 6, post-implantation 
Figure 52. Cranial-caudal macroradiograpb of dog 6, post-implantation 
Figure 53. Lateral-medial macroradiograpb of dog 6 after 4 weeks of implantation 
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how primary new bone has filled the radiolucencies along the ends of the implant 
after four weeks of implantation. The proximal bone has shifted closer to the implant. 
Only a small amount of bone has advanced along the sides of the implant except 
for the proximal-cranial side that has bone growth close to the Kirschner wire (Figure 
53). 
The implant is totally encased by new bone, except cranially at the Kirschner wire, 
after 4 months even though some axial movement has occurred (Figure 55). The large 
amount of bone around the implant suggests bone has filled the axial canal and dovetail 
slots. The only lucent space is along the distal-caudal edge of the implant. Figure 56 
shows very good bone density at the ends of the implant and very good encasement of 
bone on the implant's medial side. 
7. Macroradioiuaphs Qf ~ 1 
The first radiographs were taken on May 1, 1991, which was one week after 
implantation of the bone bridge in the seventh dog (Figures 57 and 58). The proximal 
end of the implant was not in compression. The thin-walled implant with large 
dovetail slots was fastened to the plate with a single wire (method 1). The implant has 
a larger diameter than the bone's diameter. There is close bone contact with the 
implant ends. 
Implant failure occurred after three weeks of implantation (Figure 59). The implant 
fractured into many small pieces and one larger section medially. The proximal end of 
the plate and its screws have disconnected from the bone (Figure 60). Implant removal 
occurred on May 17, 1991. 
Figure 54. Cranial-caudal macroradiograph of dog 6 after 4 weeks of implantation 
Figure 55. Lateral-medial macroradiograph of dog 6 after 4 months of implantation 
Figure 56. Cranial-caudal macroradiograph of dog 6 after 4 months of implantation 
Figure 57. Lateral-medial macroradiograph of dog 7, post-implantation 
Figure 58. Cranial-caudal macroradiograph of dog 7, post-implantation 
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Figure 59. Lateral-medial macroradiograph of dog 7, 3 weeks 
Figure 60. Cranial-caudal macroradiograph of dog 7, 3 weeks 
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B. Longitudinal Microradiograph Evaluation 
1. Lon~tudinal microradio~aphs Qf ~ 2 
Figure 61 is a centr~ longitudinal section from dog 2 after nine months of 
implantation. This cranial-caudal view shows that well organized cancellous and 
compact bone have connected through the axial canal. A small amount of proximal 
bone has grown over the medial side of the implant. Distal bone has also started to 
grow over the implant's medial side. This proximal and distal bone was probably trying 
to stabilize and support this side of the implant since the bone plate was supporting the 
opposite side. The medial section of the implant is shorter because a dovetail slot was 
cut through. The missing ceramic area in the middle of the medial section is one of the 
transverse boles in the implant. Minimal bone attachment to the ceramic indicates that 
there was implant movement possibly caused by the oversized diameter of the implant. 
This implant movement is consistent with the macroradiograph results. The proximal 
dovetail of the lateral section of the implant has broken into small fragments. The rest 
of the implant does not show any signs of fracture. 
Figure 62 is a longitudinal section cut from the wall of the implant in dog 2. This 
view shows that bone has grown into the distal dovetail slot and around the distal end. 
Here ag~ minimal direct bone attachment indicates that micromotion was occurring . . 
There is a fracture line at the base of one of the distal tenons. The lateral tenon at the 
implant's proximal end fractured from the implant but bas good bone attachment 
supporting it. 
2. Lon~tudinal microradio~aphs Qf ~ J. 
Figure 63 is a central, longitudinal section from dog 3 after seven and a half months 
of implantation. This cranial-caudal view shows that bone is very close to reconnecting 
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through the axial canal. The bone in the canal may have been connected while in vivo 
but separated during the removal and sectioning process. There is a fracture zone 
located near the center of the implant which may have been caused by the stress or 
movement of the Kirschner wires on this region. The lucent areas around the implant 
suggest there was movement of the implant fragments that hindered the attachment of 
bone to the ceramic. A cross section of a transverse hole is visible in the center of the 
implant. The proximal tenons have disconnected from the implant. The bone density 
near the ends of the implant is mostly composed of cancellous bone with only slight 
evidence of compact bone. Cancellous bone has grown on top of the original compact 
bone along the bone's medial side. This bone was probably trying to stabilize the 
movement in this region. 
Figure 64 is a longitudinal section cut from the wall of the implant in dog 3. The 
fragments of the implant are shown in this microradiograph. The proximal tenons have 
fractured into small pieces. A fracture zone in the center of the implant may have been 
caused by the weakness in the implant's wall due to the transverse holes or the stress 
caused by the Kirschner wires. The distal dovetail slots are almost filled with bone. 
Cancellous bone has grown on the outside of the compact bone layer along the bone's 
medial side. Here again, the large lucent gaps along the ceramic/ bone interface 
suggest movement was occurring in this region. 
3. Lon~tudinal microradio~aphs Qf d..oi ~ 
Figure 65 is a central, longitudinal section from dog 4 after seven months of 
implantation. This cranial-caudal view shows that bone has reconnected and 
completely filled the axial canal with cancellous bone. The cancellous bone in the canal 
of this implant is similar in width and density to the adjacent cancellous bone in the 
Figure 61. Central, longitudinal micror.adiograph of the bone bridge in dog 2 after 9 
months of implantation (Note: For all of the longitudinal 
microradiographs, the proximal direction is toward the right of the page, 
distal is toward the left of the page, lateral is toward the top of the page, 
and medial is toward the bottom of the page) 
Figure 62. Longitudinal microradiograph from the wall of the bone bridge in dog 2 
after 9 months of implantation 
Figure 63. Central, longitudinal microradiograph of the bone bridge in dog 3 after 7 
1/2 months of implantation 
Figure 64. Longitudinal microradiograph from the wall of the bone bridge in dog 3 
after 7 1/2 months of implantation 
Figure 65. Central, longitudinal microradiograpb of the bone bridge in dog 4 after 7 
months of implantation 
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medulla.ry canal. The cancellous bone in the axial canal has very intimate attachment 
to the inside walls. Compact and cancellous bone have joined to the ends of the 
implant. There is a thin layer of distal bone that has grown over three fourths of the 
medial side of the implant. There are no signs of implant fracture in this 
microradiograph. 
Figure 66 is a longitudinal section cut from the wall of the implant in dog 4. There is 
excellent bone attachment to the ends of the implant. The bone near the ends of the 
implant has an even distribution of high density bone that has filled the implant's 
dovetail slots. The lateral side of the implant has a thin layer of bone that has grown 
one third of the length from both the proximal and distal ends. The medial side of the 
implant is half covered with distal bone. The two transverse boles also contain bone. A 
fracture line extends from a proximal dovetail slot to a transverse hole and continues to 
the implant's medial wall. It is possible that this fracture occurred because the 
transverse hole weakened the implant's wall. 
4. Lon~tudinal microradio~aphs Qf doi 5. 
Figure 67 is a central, longitudinal section from dog 5 after six months of 
implantation. This view shows that the axial canal is half filled with bone without 
reconnecting. Bone is very intimate with most of the ceramic even though there was 
fragmentation of the implant. Proximal bone has partially surrounded one of the 
fragments on the lateral side of the implant. The bone near the proximal and distal 
ends of the implant is largely composed of cancellous bone. Transverse holes are 
visible in the lateral and medial sections of the implant. This dog and dog 1 received 
implants with 10 transverse holes instead of 6 holes used in the other dogs ( d 1 and d2 in 
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Table 4). These extra holes and the shifting of the Kirschner wires seen in the 
macroradiographs could be reasons for implant fracture. 
Figure 68 is a longitudinal section cut from the wall of the implant in dog 5. Bone 
has attached to the ends of the implant and filled the dovetail slots without 
radiolucencies. Proximal and distal bone are close to connecting along the lateral and 
medial sides of the implant. Even with implant fracture and resulting fragment 
movement, all bone attachment is very intimate with the ceramic. The transverse 
fracture on the proximal side of the Kirschner wires extends through the transverse hole 
in this region. Here again, the weakening of the wall by the transverse hole may have 
caused this fracture. As observed in Table 4, this implant has very large dovetail slots 
which may have weakened the ends of the implant. The pressure of the Kirschner wires 
also could have contributed to the implant fracturing. 
5. Longitudinal microradiographs Qf .d.Qg .Q 
Figure 69 is a central, longitudinal section from dog 6 after four months of 
implantation. This view shows that the axial canal is filled with bone that has connected 
from both ends. There is bone with higher densification along with some radiolucencies 
in the proximal half of the canal. The implant's proximal end has good bone growth 
next to it but with some radiolucencies. Bone has joined tightly to the implant's distal 
end and the inside walls of the distal canal. The distal canal has bone with lower 
densification. All four areas of compact bone that interface with the ends of the 
implant have lower density bone next to the ceramic. A region of fracture has occurred 
on the implant's lateral side. It may have been caused by the stress of the bone and 
compression plate. 
Figure 70 is a longitudinal section cut from the wall of the implant in dog 6. High 
density bone has joined to the implant's proximal end and filled the dovetail slot. The 
Figure 66. Longitudinal microradiograph from the wall of the bone bridge in dog 4 
after 7 months of implantation 
• 
Figure 67. Central, longitudinal microradiograph of the bone bridge in dog 5 after 6 
months of implantation 
Figure 68. Longitudinal microradiograph from the wall of the bone bridge in dog 5 
after 6 months of implantation 
Figure 69. Central, longitudinal microradiograph of the bone bridge in dog 6 after 4 
months of implantation 
Figure 70. Central, longitudinal microradiograph of the bone bridge in dog 6 after 4 
months of implantation 
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implant's distal end has bone next to the implant and bone in the dovetail slot but a 
radiolucent seam exists between the bone and the ceramic. The implant's medial and 
lateral sides are encased with a thick layer of bone. A line of fracture extends from the 
distal dovetail slot to the transverse hole and on to the proximal dovetail slot. This 
fracture may have been caused by the pressure of the Kirschner wire on the mid-section 
of the implant. It is possible the fracture line occurred in this region because the 
weakest area of the implant's wall lies along this path. 
C. Transverse Microradiograph Evaluation 
1. Transverse microradio~aphs .o.f m 2 
Figure 71A is a transverse section cut from the end of the implant in dog 2. High 
density bone has encircled two of the three tenons of the implant. There is a 
radiolucent gap between the bone and the ceramic that suggests implant movement was 
occurring. This movement is consistent with the results seen in the macroradiographs 
and longitudinal microradiographs. Bone grew into the axial canal and dovetail slots 
even with this motion. A small fragment of ceramic has fractured from the lateral 
tenon. 
Figure 71B is a transverse section cut through the holes in the center of the implant. 
This radiograph shows that the bone that grew through the canal was not in close 
contact with the inside surface but it had high densification. Fracture on the implant's 
medial side occurred during the microradiographic process. 
2. Transverse microradio~aphs .o.f m J. 
Figure 72A is a transverse section cut from the end of the implant in dog 3. The 
lateral side of the implant shows how bone has grown to hold the side of the now 
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removed bone plate. A thick layer of bone has covered the outside wall of the implant 
and filled the axial canal. This bone is connected together through the dovetail slots. 
The radiolucent gaps around the tenons suggest that movement was occurring. This 
movement is consistent with the results seen in the macroradiographs and longitudinal 
microradiographs. There is a fracture zone in the lateral dovetail which was directly 
below the bone plate. Shifting or bending of the plate could have put pressure on this 
region of the implant and caused this fracture. 
Figure 72B is a transverse section cut through the holes in the center of the implant. 
This radiograph shows the high density bone growing through the canal without close 
contact to the inside wall. A small amount of bone has grown through the transverse 
holes. A fragment of ceramic can be seen on the outside of the ceramic. This is the 
fragment seen in the cranial-caudal macroradiographs. 
3. Transverse microradio~apbs Qf ~ ~ 
Figure 73A is a transverse section cut from the end of the implant in dog 4. Bone 
has completely filled the axial canal and four dovetail slots of this implant. Most of the 
implant's outside surface have been covered with a large amount of bone. The bone 
that interfaces with the ceramic is in very close contact with only minor evidence of 
radiolucencies. There is a small region of fracture in the lateral tenon. This fracture 
zone is directly below the compression plate. This same result was seen in the 
transverse microradiograph of the implant's end in dog 3 (Figure 72A). 
Figure 73B is a transverse section cut between the end and transverse holes of the 
implant. The axial canal is filled with bone that has very intimate contact with the 
inside surface of the implant This same result was seen in this dog's longitudinal 
microradiograph (Figure 65). On the outside surface of the implant there is bone 
Figure 71. (A) Transverse microradiograph of the implant's end in dog 2 after 9 
months of implantation (B) Transverse microradiograph of the implant's 
central region with holes (Note: For all of the transverse 
microradiograpbs, the medial direction is toward the right of the page, 
lateral is toward the left of the page, cranial is toward the top of the page, 
and caudal is toward the bottom of the page) 
Figure 72. (A) Transverse microradiograph of the implant's end in dog 3 after 7 1/2 
months of implantation (B) Transverse microradiograph of the implant's 
central region with holes 
Figure 73. (A) Transverse microradiograph of the implant's end in dog 4 after 7 
months of implantation (B) Transverse microradiograph of a region 
between the implant's end and central transverse holes 
tll 
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growing within two of the grooves. This bone growth was consistent with the original 
intentions of gaining rapid encapsulation of the implant if the grooves were added to 
the design. However, placing the groove in the wall weakened the wall because it was 
thinner. One fracture line is seen extending through the medial groove to the inside 
canal. Another fracture line extends through the thick wall of the implant. 
Figure 73C is a transverse section cut through the holes in the center of the implant. 
The axial canal and transverse holes shown in this radiograph are filled with bone. The 
bone on the medial side of the implant's canal and medial transverse holes is more 
dense than the bone on the canal's lateral side. This is an example of bone increasing 
its density to support the bone's higher loaded, non-plated side. Some bone growing 
out of the holes has spread over the outside wall of the implant. Most areas of interface 
show direct contact between the ceramic and the bone. There is no evidence of 
fracture in this microradiograph. 
4. Transverse microradio~aphs .Q.f Q.Qg 5. 
Figure 74A is a transverse section cut from the end of the implant in dog 5. Uniform 
density bone has filled the canal and dovetail slots of the implant along with encircling 
two of the tenons. The lateral side of the implant shows how bone has grown to hold 
the side of the now removed bone plate. Most of the bone/ceramic interface is very 
close with only minor regions of radiolucencies. A single fracture line is seen near the 
inside tip of the lateral tenon. This same result was seen in the transverse 
microradiograph of the implant's end in dog 2 (Figure 71A), dog 3 (Figure 72A), and 
dog 4 (Figure 73A). 
Figure 74B is a transverse section cut from the central region of the implant. The 
outside wall of this implant has a layer of bone covering the surface and filling the 
116 
grooves. Bone has grown into the axial canal of the implant. Fragmentation of the 
implant is shown in this radiograph. The radiolucent gaps between the ceramic and the 
bone could have been caused by the movement of these fragments. The fracture zones 
extend from the inside wall to the outside wall. There is an area of fracture below the 
plate. 
5. Transverse microradiograph Qf .dQg .Q 
Figure 75A is a transverse section cut from the end of the implant in dog 6. Bone 
has covered most of the outside surface of the implant. The central canal and dovetail 
slots are almost filled with bone but some radiolucencies still exist around the tenons. 
As seen in previous transverse microradiographs, a fracture line extends through the 
lateral tenon. 
Figure 75B is a transverse section cut through the holes in the central region of the 
implant. The single Kirschner wire used to fasten this implant to the plate is shown in 
this radiograph. Bone has filled the axial canal and covered most of the outside surface 
of the implant. Two of the three transverse holes show that bone has connected 
between the outside and inside areas of the implant. The bone in the third hole is close 
to joining. Intimate bony contact has occurred along the surface of the ceramic and 
Kirschner wire without any radiolucencies. Implant movement was probably reduced 
by the bone locking the wire into position. There are no signs of fracture in this 
microradiograph. 
D. Implantation Observations 
The surgical procedure used for all of the dogs was performed without complications. 
The first portion of the surgical procedure that included exposure of the femur was very 
simple. After entering through the skin, the biceps femoris and vastus lateralis muscles 
Figure 73. (C) Transverse microradiograph of the implant's central region with 
holes in dog 4 after 7 months of implantation 
Figure 74. (A) Transverse microradiograph of the implant's end in dog 5 after 6 
months of implantation (B) Transverse microradiograph of the implant's 
central region with holes 
Figure 75. (A} Transverse microradiograph of the implant's end in dog 6 after 6 
months of implantation (B) Transverse microradiograph of the implant's 
central region with holes 
.....
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were spread apart to expose the femur. The removal of a section of the femur was a 
more demanding part of the surgery. The oscillating saw cut fast and obtaining a 
perpendicular cut with the longitudinal axis of the bone was difficult. Uneven cutting 
through the femur left an area for the implant ends that did not lie level with the ends 
of the bone. An imperfect fit meant the bone's interface area would touch on only part 
of the implant's interface area and uneven transferring of loads would occur. It was 
highly desirable to have as much bone interfacing with the ceramic as possible for early 
uniform loading. Therefore, a perpendicular cut was strived for during all of the 
surgeries to obtain a large interface area between the implant and bone. 
The next step was securing the implant to the bone plate with Kirschner wire using 
either method 1 (Figure 6) or method 2 (Figure 7). All of the implants were wired to 
the plate before placing them into the body. This made it easier for the surgeon to twist 
the ends of the wire very tightly with pliers. In one case, a very thin-walled implant was 
fractured by twisting the wire ends. The added pressure applied with the pliers was 
required to keep the implant stable in vivo. 
As seen in the longitudinal and transverse microradiographic observations of the 
implants, both the single wire (method 1) and double wire (method 2) method of bone 
bridge fixation showed bone with regions of radiolucencies and direct contact to the 
implant. The single wire procedure used for dogs 1, 6, and 7 proved to be a very good 
method of long term fixation in dogs 1 and 6. Dog 7 had a thin walled implant that 
fractured after 3 weeks. Macroradiographs of dogs 1 and 6 show early fixation with 
high bone density next to the ends of the implant indicating no or little micromotion 
was occurring. Excellent stabilization of the implant in dog 1 for thirteen months made 
it possible to remove the internal fixation with no resulting complications. 
Microradiographs of dog 6 show that bone bonded tightly to most of the implant's 
120 
geometry with only minimal evidence of implant movement. One advantage of using 
the single wire was that the bone in the axial canal had an easier time growing around 
and stabilizing it because the wire was held between the transverse holes. However, 
with the double wire method, the wires were able to move along the outside surface so 
bone fixation to the wires may have been more difficult. The double wire procedure 
was used for dogs 2, 3, 4, and 5. An accurate evaluation of this fixation method is 
difficult because an oversize implant was used in dog 2 and implant fracture occurred in 
dogs 3 and 5. The macroradiographs of dog 2 did not show that the wires were moving 
but the large radiolucent gaps indicate motion was occurring. The longitudinal 
microradiograph of this dog (Figure 61) shows bone growth next to the wires which 
suggests the wires were not moving while holding the implant to the plate. The 
macroradiographs of dogs 3 and 5 show movement of the wires toward the center of the 
implant. This movement was probably caused by the fracture of the implants. As 
expected, the longitudinal microradiographs of dogs 3 and 5 (Figures 63 and 68, 
respectively) show that bone did not grow close to the wires since they were moving. 
Dog 4 had excellent fixation with the two wire method. The macroradiographs of dog 4 
show that the wires did not move during implantation of the bone bridge. The 
longitudinal microradiographs show that stable fixation occurred with tightly bonded 
bone to the wires and ceramic (Figures 65 and 66). 
E. Implant Design Evaluation 
The implant was developed to obtain a design that would offer the full integration of 
bone. The geometrical features of the implant were intended to allow efficient 
attachment of bone to interlock and restrain implant motion. Together with this solid 
bone fixation, the health and continuity of the bone were considered in this design. 
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1. Axial ~ fill.ct wall thickness 
One of the dimension changes in the implant design was the diameter of the 
implant's axial canal. The inside diameter of the axial canal was varied from 5.45 to 
10.2 mm as seen in Table 4. Changing this diameter increased or decreased the wall 
thickness of the implant. The purpose of changing this dimension was to find the wall 
thickness that provided uniform loading with excellent bone growth around and into the 
implant in vivo. Thin walled implants were used in dogs 2 and 7 (2.8 and 3.3 mm, 
respectively). The oversized implant used in dog 2 showed signs of movement that 
caused minimal bone bonding to the implant's ends and axial canal. However, bone did 
reconnect through the axial canal with this movement occurring. Minimal evidence of 
implant fracture occurred even with a thin walled implant and asymmetric loading to 
the implant ends. Early implant fracture in dog 7 may have been caused by: uneven 
loading of the implant ends, fractures in the implant that were undetected before it was 
implanted, or the thin wall size couldn't handle the loading. Dog 4 received an implant 
with a medium size wall thickness of 3.9 mm. The longitudinal rnicroradiographs 
(Figures 65 and 66) of this dog showed bow bone accepted the implant as normal 
compact bone by growing up to the implant ends. The cancellous bone in the canal of 
this implant is microradiographically similar to the adjacent cancellous bone in the 
medullary canal. The complete reconnection with cancellous bone was very intimate 
with the inside walls of the implant. This compact and cancellous bone growth suggests 
that normal loading between the implant ends and the bone was occurring. Minimal 
implant fracture indicates that this wall thickness was able to handle the loading. Dogs 
1, 3, 5, and 6 received a thick walled implant (5.0, 5.0, 5.7, and 5.6 mm, respectively). 
Fracture occurred in dogs 3 and 5 which may have been caused by uneven loading, 
initial fractures in the implant, or a possible material and/or firing problem. Bone was 
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close to joining through the axial canal in dogs 3 and 5 (Figures 63 and 67, respectively) 
but shifting of fragments may have hindered reconnection. The thick walled implant in 
dog 6 had only minor evidence of fracture. The axial canal in this dog had reconnection 
of bone that almost completely filled the canal (Figure 69). Growing bone seemed to 
have no problem crossing the axial distance of the canal in dogs 2, 4, and 6. The 
reconnection of bone in these dogs allowed for the natural transportation of blood and 
nutrients between the distal and proximal ostectomies. The axial bone connection also 
offered added compression, tension, and bending strength to this region. Dogs 4 and 6 
had axial canals that were filled with bone after seven and four months of implantation, 
respectively. The filled canals suggest that bone can grow to fill a channel with a 
diameter of 8.85 mm for dog 4 and 5.7 mm for dog 6. The axial canal lengths of 27.05 
mm for dog 2, 26.25 mm for dog 4, and 23.55 mm for dog 6, were within the critical 
bridging length for these three dogs. 
2. Lon2itudinal 2rooves 
As discussed in the section on implant design, the longitudinal grooves on the outside 
wall of the implant were designed to provide a path for bone to follow and accelerate 
the connection of bone from each end. 
The longitudinal grooves of dogs 2 and 3 had minimal bone growth due to movement 
during implantation. The transverse rnicroradiograph of the region between the dovetail 
slots and central canal in dog 4 (Figure 73B) shows how bone had been growing in the 
longitudinal grooves. The medial groove is over filling with bone that is starting to 
cover the outside ceramic between the grooves. A more lateral groove also has 
some bone growth. This rnicroradiograph shows an ideal example of the bone growth 
through the grooves that was desired so early encasement of the implant would occur. 
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Also, the central transverse rnicroradiograph (Figure 73C) of this dog shows filled 
grooves. The transverse microradiographs of dogs 5 and 6 were encapsulated with bone 
at the dovetail slot and central region so it is not known if early bone growth began by 
growing in the grooves. 
All of the implants had some bone growth on the outside wall of the implant and in 
the longitudinal grooves. This bone growth suggests that the ceramic material 
encourages bone to grow along its surface (osteoconductive). Outside coverage of the 
implant helped stabilization of the implant. In comparison to an implant with a smooth 
outside surface design, the bone growth along the outside surface combined with growth 
in the longitudinal grooves of the implant provided more stability. One problem with 
adding the grooves to the wall's surface is the reduced mechanical strength of a thinner 
wall. The fracture lines seen in the Figures 738 and 748 are examples of this lower 
strength. 
3. Dovetail ~ 
The dovetail slots were added to the implant's design to achieve fixation by bone 
tissue ingrowth while in a highly loaded location. The chance for permanent bone 
attachment with macro boles (dovetail slots) was intended to secure better than if 
rnicropores wete used. The slots were designed to achieve fixation even with early 
implant loading or motion. On the other hand, early weight bearing with rnicroporous 
coated implants is restricted for long periods of time to develop fixation without a 
fibrous interface (Swanson and Freeman, 1977). Also, porous coatings can decrease the 
implant's fatigue life (Yue et al., 1984). 
The longitudinal microradiographs of the implant's wall and the transverse 
rnicroradiographs of the implant's end show how bone grew into the dovetail slots. 
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All of the dogs had bone growing into the dovetail slots. Microradiographs of dogs 4, 5, 
and 6 showed many filled slots with direct bone attachment to all three surfaces. 
Other dovetail slots had radiolucencies at the ceramic/bone interface, which indicates 
motion was occurring, but still a considerable amount of bone grew into the slots. 
Bone growth into the dovetail slots helped stabilize the ends of the implant even if 
radiolucencies were present. Overall, the different sizes and shapes of the slots in 
each implant seemed to encourage bone to join with them without causing 
complications. 
4. Tenons 
Different axial canal and dovetail slot dimensions changed the size and shape of the 
implant's tenons. Besides the load transferred through the internal fixation, all of the 
initial loading from the bone to the implant occurred at the proximal and distal ends of 
the implant at the tenons. Changing the size of the tenons created a different interface 
area for transferring these loads to the bone. It was originally intended to find if bone 
would transfer loads to the tenons and still grow into and around the implant. As 
discussed above in the axial canal and wall thickness, longitudinal grooves, and dovetail 
slot sections, bone grew very well into and around the implant with the applied loads of 
the femur. 
5. Transverse ~ 
As discussed in the section on implant design, the transverse holes were added to the 
implant for single wire fixation to the plate (method 1) and/or a possible channel for 
nourishment from the axial canal to reach the bone growing over the outside of the 
implant. 
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The transverse holes in the microradiographs of dogs 3, 4, and 6 contained bone. A 
small amount of bone was seen in the holes of dog 3 but the transverse holes of dogs 4 
and 6 were filled with bone. The central transverse microradiograph of dog 4 (Figure 
73C) shows bow the bone on the medial side of the axial hole and the transverse holes 
contain higher density bone. This is an example of the stress protection caused by the 
bone plate fixation on the lateral side of the bone. The bone in the transverse boles of 
dog 4 was directly attached to the ceramic and either grew onto the outside surface of 
the implant or connected with the bone growing from the ends of the implant. The 
transverse holes in dog 6 (Figure 75B) show how bone connected between the outside 
formation of bone and the bone of the axial canal. This view also shows that bone has 
grown along the sides of the Kirschner wire and seems to be holding the wire in a 
locked position. The bone next to the wire and in the transverse holes could be 
reducing movement caused by torsional forces. The only problem with placing these six 
transverse boles in the wall of the implant was the possible reduction in mechanical 
strength of the implant. Otherwise, the design idea seemed to work ideally for dogs 4 
and6. 
F. Overall Evaluation and Future Considerations 
1. Manufacturing The microradiographs displayed some of the fracture zones that 
occurred in the implants. Improper manufacturing and firing techniques may have been 
the initial cause of these fractures. Manufacturing consisted of mixing calcium 
phosphate tribasic and magnesium aluminate spinel powders, isostatically pressing the 
powders, carving the pressed powders, and firing the implant. It is very important to 
mix the two powders so that they are evenly distributed. Uneven distribution of the 
powders can cause weaker areas within the implant. Since the spinel adds strength to 
the material by forming a structure similar to a sponge, it is essential that this material 
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can join together uniformly during firing. A better powder mixing technique other than 
a mortar and pestal may need to be implemented in the future. Fifty volume percent 
spinel and fifty volume percent tricalcium phosphate were used for these implants but 
this percentage may need to be changed. The strength and insolubility of the material 
could be increased by increasing the percentage of spine!. The bioactivity of the 
material can be raised by increasing the percentage of calcium phosphate tribasic. 
These properties and the implantation site would need to be taken into consideration if 
the volume percentage of the materials was changed. In addition, the grain size of the 
powders may need to be smaller to produce a higher density material while reducing 
the stress concentration due to thermal expansion differences and the presence of a 
second phase. A smaller grain size would strengthen the material because smaller 
grains have smaller inherent flaws. 
After mixing the powders, they were isostatically pressed to 25,000 psi. It is possible 
that the pressure of the isostatic press needs to be increased in order to pack the 
powders closer together. Since the implant's design has to be created before firing, a 
tightly packed powder is highly desired so that flaking or breakage of the powders 
doesn't occur. The stress caused by drilling, sawing, and filing the implant could have 
induced regions where microcracks could further develop during firing or loading. The 
stress of manufacturing was highest at the implant's ends with the shaping of the 
dovetail slots and tenons. Some implants required more shaping and powder removal 
which would have increased the chances for initial development of microcracks. 
Firing the implant was the next critical part of the manufacturing process that may 
have caused microcracks to develop. The firing process began with a heating rate of 
lQO<>C/hour until the temperature reached 145QOC. This rate may need to be adjusted 
for the different walled implants. One problem with firing the thicker walled implant is 
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the higher chance for air or impurities getting trapped in the material. It was highly 
desirable to produce all of the implants with a minimal amount of trapped air since 
porosity reduces the material's fracture strength (Kingery et al., 1976). Equally 
important as the firing rate is the cooling rate of the implant. Proper regulation of the 
rate of temperature change for firing and cooling of the implant is important for 
uniform shrinkage of the material so there is minimal occurrence of microcracks. 
Microcracks arc undesirable in the material because they can lead to larger cracks after 
loads are applied. Keeping microcracks to a minimum is extremely important for this 
implant because it has a large surface area for microcracks to occur during the firing 
process and after implantation has to handle the loaded conditions of the femur. 
Fixation of the implant with Kirschner wire caused fracture in one implant before 
implantation which indicates that there was high stress placed on the implant by the 
wire. Sixteen gauge wire was used to fasten all of the implants to the bone plate except 
dog 2 received eighteen gauge wire. The sixteen gauge wire was stronger but not as 
ductile as the eighteen gauge wire. Therefore, the sixteen gauge wire did not wrap 
around the implant nor twist into knots as easily as the eighteen gauge wire. Tightening 
of the wires was very important for firm anchorage of the implant to the plate. This 
generated a higher level of hoop stress for the wire fixation around the outside of the 
implant and around the plate (method 2). Compression and tension levels were 
increased with the wire fixation through the transverse holes in the center of the 
implant and around the plate (method 1). Both of these methods may have caused new 
fracture regions to develop or increased the size of fracture regions in the implants. 
One concern with the thick walled implants was that they looked stronger to the 
surgeon so increased pressure may have been applied during the tightening of the wire's 
knot. 
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2. Good implant design qualities 
Bone reaction to the implants varied between the different dogs as seen in the 
radiographic results. Accurate analysis of these results is difficult because of the limited 
number of implants. Even though there is a lack of definite information, some general 
observations can be made that are very positive. As expected, massive movement in the 
implant region prevented bone from directly attaching to the ceramic. However, even 
with slight movement caused by implant fracture, bone often made a tight connection 
with the ceramic. This may have been caused by the encouragement for bone to grow 
on the bioactive surface of the material and/or the dovetail slots and tenons may have 
helped encourage fixation. 
There are some additional features of the implant design which are important to 
notice. Dog 4 had a medium wall thickness implant that displayed excellent bone 
ingrowth results with minor evidence of fracture. The wall thickness of the dog's 
implant and compact bone were very similar in size. This may have caused even 
distribution of high loads from the compact bone to the implant and allowed the 
cancellous bone to reconnect through the axial canal without interference. 
The axial canal offered bone the chance to reconnect. All of the implants had good 
bone growth into the canal or complete reconnection of bone through the canal. The 
length of the axial canal seemed to be within the bridging distance for bone so the 
length of the implant could be extended for future research. The reconnection of bone 
provided bone continuation and added mechanical strength to the region. 
The in;iplants in dogs 5 and 6 had wide and deep longitudinal grooves along the 
outside surface. These grooves may have encouraged the high concentration of bone 
seen in the microradiographs to grow and reconnect along this surface (Figures 74A, 
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74B, 75A, and 75B). Encapsulation of the implant with bone was highly desirable so 
this feature of the implant's design may be valuable in the future. 
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CHAPTER V. CONCLUSIONS 
Dense tricalcium phosphate/spinel bone bridges with a unique tubular design were 
manufactured to replace a section of bone in the femur of canines. Changes in the 
manufacturing process produced bone bridges with different sized dovetail slots, tenons, 
and wall thicknesses. 
Bone bridges were placed in the midshaft of the femur in seven dogs after a surgical 
ostectomy measuring approximately 25 mm was created. Internal fixation using a 
dynamic compression bone plate and screws stabilized the proximal and distal 
osteotomies. Two different methods were used to fasten the bone bridge to the plate 
with Kirschner wire. The first method involved a single wire wrapped in a hemicerclage 
fashion through the center holes of the implant and around the bone plate. The second 
.method involved two wires wrapped in a full cerclage fashion around the implant and 
bone plate. After completing the surgical procedure, the bone was allowed to heal 
while the implant handled the loaded conditions imposed by the dog's everyday life. 
The design of this implant was successful at offering bone the chance to reconnect 
through the axial canal, join with the dovetail slots and tenons at the end of the implant, 
and encapsulate the outside of the implant. From the macro and microradiographic 
evaluation, the quality of bone growing into, around, and interlocking with the 
implant largely depended on implant movement in the region. Implants that 
experienced no movement were solidly fixed in place with direct bone contact. 
Extensive motion prevented bone from gaining attachment to the implant. However, 
even with slight movement occurring, bone was often able to grow in close contact with 
the implant. The bone growth with the implant's design may have contributed to 
reducing movement in the region so more bone could have a chance to fill in the 
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implant region. With regard to the three different wall thicknesses of the implants, the 
implant design with a medium wall thickness produced excellent bone growth results. 
This wall thickness was successful at uniformly distributing the load from the compact 
bone to the implant \\'.bile allowing complete cancellous bone reconnection through the 
axial canal. 
The microradiographic evaluation displayed the intimate contact that bone often 
had with the osteoceramic. This close bonding with bone indicates that this material 
was biocompatible under loaded conditions. Micromotion sometimes prevented bone 
from achieving close contact with the osteoceramic but in other interface regions 
experiencing micromotion, the osteoceramic still had bone contact. The bone growth 
on the outside and inside wall of the implant indicates that this material encourages the 
growth of bone along its surface (osteoconductive). Future histological examination 
will better define the type of cells and the extent of the bone's attachment with the 
bioactive osteoceramic. 
The microradiographs showed the fracture lines that occurred in the osteoceramic 
after being placed under the loaded conditions of the femur. Minor evidence of 
fracture lines in most of the microradiographs indicates that the osteoceramic was able 
to handle the loaded conditions. Manufacturing, uneven loading, or stress caused by 
the Kirschner wires were probable reasons for the fracture zones. Future suggestions 
for preventing fracture lines from developing includes: (1) dye testing each implant for 
microcracks; (2) nondestructive testing of each implant for strength and imperfections; 
(3) changing the volume percent of calcium phosphate tribasic and magnesium 
aluminate spinel powders; (4) reinforcing the ceramic with metal rods and; (5) 
prestressing the implant so it can only experience minor levels of tensile stress. 
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In some cases, both methods of holding the implant to the bone plate with Kirschner 
wire were successful at stabilizing the implant. Unstable fixation in other implants was 
caused by an oversized implant and implants with fracture zones. Accurate analysis of 
which method proved to be better is difficult because of the limited number of implants. 
The method using a single wire passed through the center holes of the implant and 
around the bone plate seemed to have some advantages over the two wire method. 
Two advantages of the single wire method were: reduced chance for wire movement 
because it was held within the transverse holes, and bone growth in the axial canal 
helped secure the wire. Future suggestions for securing the implant to the bone plate 
include: adding stops to the implant and plate so that the wire isn't able to slide, using 
both methods of wire fixation at the same time, parham bands (medical grade hose 
clamps) instead of Kirschner wires, or using 18 gauge Kirschner wire more often than 
the 16 gauge Kirschner wire. 
The dog that was chosen for a continued study demonstrated that the implant is 
capable of helping bone bridge together and that the implant can remain implanted as a 
permanent part of bone. After successful bone growth in the implant region with 13 
months of internal fixation, the bone plate, screws, and most of the Kirschner wire were 
removed. The success of the implant without internal fixation for over 15 months 
proves that this implant is a completely viable bone bridging device for the replacement 
of a section of bone. 
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